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Abstract 
A major challenge for the development of hybrid electric vehicles is 
development of an efficient energy management strategy through modelling 
and optimization. Energy management in a hybrid electric vehicle is the 
highest level in the power-train control system. Energy management interprets 
the driver's pedal action as torque and speed to be delivered at the power-train 
output. The energy management system dispenses the torque between the 
engine and the electric motor, and decides when to change gear and switch off 
the engine for electric-only driving. The distribution of the torque should be 
done in such a way that the consumed fuel is minimised. 
A look-ahead control strategy aims to operate a vehicle in a fuel efficient 
manner. With new technologies such as geographical positioning system (GPS) 
and digital map databases, it is possible to know the topography of a road 
ahead. Accordingly, look-ahead control benefits from information of the road 
ahead. In this thesis, a look-ahead control system is implemented for a hybrid 
electric vehicle (HEV) equipped with an internal combustion engine and an 
electrical motor. 
The performance of the energy management system depends on the 
configuration of the power-train in the HEV. Designing a robust power-train 
assists the effectiveness of the control strategy. Accordingly, different power-
train configurations are modelled in this thesis, and an analysis of urban and 
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highway driving cycles is carried out. A parallel HEV (PHEV) which is less 
sensitive to the load variation is selected to be modelled in this study.  
There exist two sources of energy in a PHEV that can provide power to the 
propulsion system. The task of the control system is to handle the problem of 
load allocation.  Some heuristic and classical control schemes are in some 
sense ideal for this problem. Among heuristic methods, fuzzy logic, and among 
classical methods, dynamic programming is a good candidate.   
The disadvantage of dynamic programming is its high computational effort that 
reduces its practical appeal. On the other hand, fuzzy logic relies on expert 
knowledge. However, with a precise development of expert knowledge, and 
use of route information, an online energy management system can be 
developed for near optimum performance as considered in this thesis. It is 
shown in the thesis that by using a GPS and a digital map, a predictive energy 
management system can be developed that adapts to the current and future 
driving conditions, resulting in reduced fuel consumption.  
Adaptive cruise control provides automated speed control for new generation 
of vehicles. An adaptive cruise controller combined with an intelligent 
optimizer is developed and then applied to a modelled PHEV. The solution of 
the optimizer gives the best profile of the vehicle speed for the trajectory. 
Taking into account the safety, and to avoid collision, an override control 
strategy is incorporated in the system. It is shown that by using the formulated 
optimal profile of the vehicle speed, the fuel consumption is reduced.  
vii 
 
Finally, mathematical models of a conventional vehicle and a HEV are 
devised. Next, an intelligent proportional, integral, derivative (PID) controller 
is applied to the vehicle model. Swarm optimisation is implemented for 
parameter tuning of the controller. The entire model is simulated and the 
response to a variable speed is discussed and analysed. The analyses show the 
intelligent PID can not address a stable and controllable nonlinear system. 
Then, a sliding mode controller is developed and applied to the nonlinear 
model of the HEV. The effect of using this controller is compared with the 
cruise controller. The stability of the system is proved and discussed.  
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 1 
C H A P T E R  O N E  
1 Introduction 
1.1 Trends in Automotive Industry and Solutions for 
Fuel Efficiency 
The world’s primary energy demand is supplied by fossil fuel, nuclear and 
renewable energy. Of these, fossil fuel has the most significant role in 
providing global energy needs. Fossil fuel is produced from the remains of 
plants and animals which lived millions of years ago. The main varieties of 
fossil fuel are coal, petroleum and natural gas. 
With the growing of populations and economies, the demand for petroleum 
continues to increase, but Earth’s oil supplies are finite and at some future date, 
conventional oil supplies will no longer be able to satisfy the global demands. 
Oil production will have peaked and commenced declining. There is no 
certainty when a peak in production will occur, but forecasts indicate that it 
could be in the near future [1]. It is therefore important to reduce energy 
consumption, from both environmental and economical perspectives.  
According to a report in 2006, 80 million barrels of petrol were used globally 
per day. Of this, the transportation section consumes 66%, 56% of which is 
consumed by land transportation section [2]. Consuming this amount of fuel 
continues to raise substantial environmental concerns. 
Consequently, when it comes to energy security and climate change concerns, 
cars and trucks are considered as one of the principal problems. They consume 
a relatively large portion of the oil in the world and emit an enormous amount 
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of greenhouse gas (GHG). Policy makers’ attempts to find solutions to these 
problems have brought energy efficiency and emissions into focus at events 
such as the United Nations Climate Change Conference in Copenhagen [3]. 
Improving the fuel efficiency of vehicles can play an enormous role in 
decreasing the harmful effects of vehicles on the environment, and on the 
future security of energy supplies. To reduce the consumption of energy, the 
losses in the sequence of steps from a basic energy source to a completed drive 
mission should be targeted. There are several existing techniques for improving 
fuel efficiency in vehicles, including: 
i. Down weighting: Without compromising safety and performance, some 
steel parts of the vehicle can be replaced with high strength, lightweight 
materials. 
ii. Reducing rolling resistance: Using efficient tyres, rolling resistance can 
be reduced. 
iii. Reducing aerodynamic resistance: Employing vehicle shapes with less 
aerodynamic drag can reduce the wind resistance and thus reduce fuel 
consumption. 
iv.     Downsizing engines: Using a smaller engine, which tends to work closer 
to its optimal operation region, can increase performance. 
v. Choosing advanced transmission technology: Utilizing new 
transmission technologies can improve efficiency. 
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vi.       Increasing electrification: Using advanced battery technology leads to 
vehicles that can run accessories without dragging power from crankshaft and, 
consequently the battery can be recharged in lower load conditions helping 
engine operate efficiently. 
vii.  Advanced drive-train: Using two sources of energy in hybrid electric 
vehicles and storing the brake energy can cause an improvement in fuel 
economy. 
Over the past few decades, there have been significant development and 
improvement in vehicle engine and body technologies. Therefore, it would be 
quite challenging to achieve major gains in fuel economy through 
modifications of the vehicle engine and body. 
Accordingly, innovative technologies for the automotive industry are brought 
into consideration. Since pure electric vehicles do not have an adequate source 
of energy for propulsion in relatively long distance ranges, their recharging 
process requires several hours. Hybrid electric vehicles (HEVs) can be 
considered as an attractive means of transportation [4]. In comparison with 
conventional vehicles, fuel economy is improved and emissions are reduced in 
HEVs [5-7]. The internal combustion engine performs well at constant speed, 
and an electric motor provides quick acceleration. A HEV does not have the 
problems of the pure electric vehicle. A HEV benefits from the advantages of 
both the cruising range and performance of conventional vehicles with the low-
noise, low-exhaust emissions, and energy independence of electric vehicles.  
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From the standpoint of energy consumption, HEVs enjoy a variety of 
possibilities for improving fuel consumption. It is possible to: 
- Downsize the engine, with respect to the maximum vehicle power 
requirement. 
- Recover part of the vehicle's kinetic energy from regenerative 
braking instead of dissipating it in friction. 
- Optimise the power spilt between the propellers. 
- Use modern technologies to redesign transmission systems to 
eliminate clutching losses. 
- Eliminate the idle fuel consumption in stop and go driving without 
compromising the driveability of the vehicle due to the high 
bandwidth of the electrically generated torque. 
 According to a study [8], it should be possible to double the fuel economy of 
new cars and trucks by year 2035 by using improved versions of today’s 
technology. As the HEV technology is considered to be successful in 
addressing some energy efficiency and emissions concerns in vehicles, by year 
2035 almost 80% of all vehicles introduced to the market will be hybrids, 
diesels, or turbocharged gasoline engines [3, 8-10]. 
Therefore, investigation of hybrid vehicle technology can be considered 
beneficial to both automotive industry and academic research community. 
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1.2 Hybrid Electric Vehicle Configuration and 
Classification 
Whilst there is no universal definition of a HEV, a general definition states that 
a HEV is a vehicle in which the propulsion power can be supplied by at least 
two sources of energy, of which one is electrical energy. An internal 
combustion engine (spark-ignited or diesel), a turbine, fuel cell or an electric 
motor are different kinds of candidates for the propulsion energy. Amid the 
various kinds of energy storage devices, ultra/super capacitors, batteries or in a 
mechanical form flywheels can be applied in HEVs. The integration of these 
two power-trains and their corresponding components is crucial to facilitate the 
vehicle's performance and simultaneously achieve multiple design objectives, 
such as fuel economy and reduced emissions. 
A HEV is a complex system consisting of many internal components such as 
an engine, motor/generator, motor driver, battery, transmission and many other 
parts. The necessary propulsive energy is generated and converted in some of 
these components which are collectively known as the power-train or 
propulsion system. The methods of arrangement of these components 
determine the configuration of the power-train. The various existing 
configurations perform almost the same ‘hybrid functions’, for example, 
engine off during vehicle idle, regenerative breaking, motor-assisting during 
acceleration, and electric only driving. However, the engine size, electric 
machine size, transmission technology, and control system of the associated 
hybrid vehicles are entirely different. Based on the configuration of the power-
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train, a HEV can be classified into series hybrid, parallel hybrid, and series 
parallel hybrid. 
1.2.1 Series Hybrid 
In a series hybrid type [11], which has the simplest topology, the vehicle acts 
like an electric car with an on-board generator as a battery charger. The power 
of the internal combustion engine (ICE) is converted into electric energy. 
There is no direct mechanical connection between the vehicle engine and 
wheels. A schematic of a series HEV (SHEV) is shown in Figure 1.1 While 
driving is at slow speeds, the controller draws power from the batteries to drive 
the electric motor (EM). In this case, the vehicle acts like a pure electric car. 
During acceleration, the combustion engine drives the generator to compensate 
the power being drawn from the batteries. The generator provides power to run 
the EM, and if necessary, additional power may be drawn from the generator to 
recharge the batteries. The energy from regenerative braking is converted into 
electricity and stored in the batteries. Since the ICE is not coupled to the 
wheels, the HEV has a greater autonomy in choosing its load and speed, and 
can operate the engine in a narrow region near its optimum efficiency [12]. In 
this type, clutch and multi-speed transmission is omitted. 
 
Figure 1.1: Schematic of a SHEV power-train. 
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On the other hand, this configuration needs at least two energy converters, an 
ICE, an electric generator and an electric traction motor which it means 
conversion of mechanical energy to electrical energy in the generator, and 
electrical energy to mechanical energy in the motor. These two stages of 
energy conversion during power-flow to the wheels introduce losses of energy. 
In addition, the traction motor has to be sized in such a way to satisfy the 
maximum power demand. For these reasons, there are conditions in which a 
series hybrid vehicle consumes more fuel than its parallel and series parallel 
counterparts, for example, in highway driving situations [13]. 
1.2.2 Parallel Hybrid 
In a parallel hybrid HEVs, both engine and electric motor are mechanically 
connected to the wheels. This approach eliminates the generator that is used in 
the SHEVs. In PHEVs, there are several ways to configure the transmission 
system. When the ICE is running, the controller distributes the energy between 
the propulsion and the energy storage systems. The split of energy between the 
two systems is determined by the speed and the driving pattern. For example, 
under acceleration, more power is allocated to the drive-train than the energy 
storage system. During the periods of idle or low speed, more power is 
allocated to the batteries than the propulsion. When the ICE is off, the parallel 
hybrid HEV can run like a pure electric vehicle. The batteries provide 
additional power to the transmission when the ICE is unable to produce enough 
energy to run auxiliary systems such as the air conditioner and heater. These 
degrees of freedom in fulfilling the power requirements can be applied in 
optimizing the power split between the two parallel paths of energy. Figure 1.2 
shows a schematic of a PHEV. An example of a PHEV is Honda Civic IMA. 
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Figure 1.2: Schematic of a PHEV. 
Similar to other types of HEVs, energy can be saved during regenerating 
breaking. A parallel hybrid electric vehicle (PHEV) has higher efficiency 
compared to a SHEV; the latter vehicle involves two stages of energy 
conversion during power flow to wheels both of which cause a loss of energy. 
Also, considering the fact that both the electric motor and the ICE can 
contribute to the propulsion system, they can be therefore sized in such a way 
to provide a fraction of the maximum power. In other words, the ICE and the 
electric motor sizes are reduced in comparison with the series hybrid. It is 
showed that fuel economy in a PHEV is 4% better than that of the SHEV [5]. 
The main drawback of the PHEV is the complexity of its transmission and 
control system. 
1.2.3 Series-Parallel Hybrid 
In a series- parallel HEVs, the advantages and complications of both series and 
parallel hybrids are combined. The engine can both drive the transmissions 
directly (as in a PHEV) and be effectively disconnected from it (as in a SHEV). 
Figure 1.3 shows a schematic of a series-parallel HEV. An example of this type 
of architecture is Toyota Prius. 
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Figure 1.3: Schematic of a series-parallel HEV. 
In this configuration, the engine can often operate at near optimum efficiency. 
At low speeds, the vehicle operates as a series vehicle, while at high speeds, 
where the series hybrid is less efficient, the vehicle acts like a parallel hybrid. 
Since the system needs a generator, a larger storage system, and a complicated 
power flow control system, it has a higher cost than the other two hybrid types 
[4]. However, the series-parallel HEV has the potential to perform better than 
each of the two other architectures alone. 
1.3 Hybridization in Hybrid Electric Vehicles 
Depending on how the electric motor contributes in the vehicle propulsion, 
parallel and series-parallel hybrid can be divided in three groups: micro hybrid, 
mild hybrid, and full hybrid. However, the existing series-parallel architectures 
perform all hybrid functions; accordingly, they fall in the full-hybrid class. The 
alteration from micro-hybrid to full-hybrid indicates an increase in the 
contribution of the electric motor to the propulsion system. In Table 1-1, some 
typical parallel and series-parallel hybrid vehicles and their specifications from 
the standpoint of hybridization are listed. The listed hybrid vehicles are Citroën 
C3, Honda Civic IMA, and Toyota Prius.  
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Table 1-1: Hybridization and vehicle specifications. 
Hybridization Micro- hybrid Mild-hybrid Full-hybrid 
 Hybrid function Engine on-off 
Regenerative 
braking  
Engine on-off 
Regenerative 
braking  
Motor-propulsion-
assisting  
Engine on-off 
Regenerative 
braking  
Motor-propulsion-
assisting  
Electric-only-
driving 
Example Citroën C3 
(parallel) 
Honda Civic IMA 
(parallel) 
Toyota Prius 
(series-parallel) 
Engine power 
and type 
67 kW, SI* 61 kW, SI 50 kW, SI 
Electric motor 
power 
3.5 kW 10 kW 50 kW 
Electric voltage  36 v 144 v 288 v 
Fuel 
consumption 
improvement* 
[14] 
5.7 l/100km 4.9 l/100km 4.3 l/100km 
*Benchmarked by NEDC=New European Drive Cycle, SI=Spark Ignition 
 
In the micro types, the vehicle has an electric motor but it does not supply 
additional torque when the ICE runs. In other words, the electric motor does 
not contribute to propulsion. The electric motor provides functions such as 
starter/alternator, managing engine on/off, auxiliary loads, and regenerative 
braking to charge the battery. 
In the mild type, the EM contributes to providing supplementary torque to the 
ICE, but it is not the only source of propulsion. This system also supports the 
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features such as starter/alternator, managing engine on/off, auxiliary loads, and 
regenerative braking to charge the battery. 
In the full type, both the ICE and the EM are capable of producing the force 
that is needed for the propulsion system. 
In summary, considering the stated review of the popular hybrid types and their 
associated attributes, a classification of hybrid vehicles is graphically presented 
in Figure 1.4. 
 
Figure 1.4: Vehicle classification. 
There exist other architectures that are at prototype stage, for example a 
parallel configuration with two electric motors attached to the wheels. From 
the standpoint of energy efficiency, this solution is ideal because the motors are 
very close to the final drive parts and the mechanical losses are minimal. 
However, the benefits of HEVs also highly depend on how the vehicles are 
used [13]. In fact, the hybridization advantages are in recovering the kinetic 
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energy wasted in the brakes, and in operating the engine in its highest-
efficiency region. 
Considering that the engine operates in constant efficiency, and that the vehicle 
travels at constant speed on a flat road, there would be no benefit in a hybrid 
electric configuration. Therefore, the characteristics of different configurations 
with various drive cycles are investigated and discussed in Chapter 4. 
1.4 Power-train and Energy Management 
From the standpoint of fuel consumption and emissions, HEVs have 
demonstrated a potential for improving fuel economy and lowering emissions. 
However, in order to realize these capabilities, major challenges exist in the 
HEV design and function, such as power-train configuration, managing power 
distribution between the engine and the electric motor, component sizing, 
reducing emissions and other factors that affect the vehicle’s functionality. 
Minimizing energy losses requires higher efficiency and lower fuel 
consumption. This matter can be achieved through optimizing power-train 
design and control strategies. An optimal power-train includes favourable 
configuration and component design. In other words, coordination of the 
components and configuration of the vehicle components can affect the fuel 
economy. 
As this thesis focuses on the development of energy management strategies and 
coordinate control systems, the issues such as emissions, sizing and component 
control have not been considered. Instead, the focus is on the development of a 
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energy management system and evaluation of the efficiency of the drive-train 
configurations among the existing architectures. 
In HEVs, the driver’s command (torque request) is met by a combination of 
torque from the engine and the electric motor. Since, there exist two sources of 
energy in propulsion system, the engine operating point, torque and rotational 
speed can be managed with one degree of freedom. This degree of freedom can 
be used to avoid the operation of the engine in low-efficiency points. 
Furthermore, the engine can be used more smoothly by using the electric 
storage system to respond to quick changes in the driver’s torque demand. 
Thus, one of the design problems with respect to energy management strategies 
is the question: 
• How to determine the optimal power distribution between the ICE and the 
electric motor in different driving modes during the HEV operation? 
Choosing the correct combination is usually a complex problem. In the 
decelerating mode, it is obvious that the electric storage system (ESS) should 
receive as much of the braking energy as possible. But, if the vehicle is in 
accelerating condition, is it more beneficial to use the engine and leave the 
battery charged for later use, or use some of the stored energy in the ESS 
instead of running the engine? 
From the view of control theory, this is a "control allocation problem" [15], 
since the driver’s demand (power demand) can be satisfied by a combination of 
power from the engine and the electric motor. A "control allocation problem" 
occurs when there is more than one possible way to distribute the desired total 
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control effort among a redundant set of actuators. Control allocation problem 
can be formulated as an optimisation problem, where the objective is typically 
to minimize the use of power subject to the problem and operational 
constraints, here the engine and the electric motor. 
The control allocation is organized at the coordinate controller in the power-
train control system by an appropriate energy management strategy. The 
energy management system infers the driver’s pedal actions and splits the 
torque request between the engine and the electric motor, and provides the 
control signals such as transmission control signal and engine off signal for 
pure electric propulsion. A schematic of the control system in a HEV is 
demonstrated in Figure 1.5. 
Figure 1.5: Conceptual block diagram of a HEV and its energy management 
system (S is power split ratio and i(t) is transmission control signal). 
In practical cases, the objective of a control system can be defined as the 
minimisation of a given cost function, representing fuel consumption, 
emissions, or both of them, over a short trip or section of a trip as fast as 
possible. However, the other important issue that should be considered is the 
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typology of HEVs. A HEV with the charge-sustaining control strategy should 
be characterised such that the state of charge of the batteries at the end of the 
optimisation horizon maintains very close to that at the beginning of the 
optimisation. However, since a plug-in HEV can be plugged into the electrical 
grid at the end of the trip, it can use much more energy from the batteries. 
From the standpoint of control problem, the differences between these two 
cases (HEV and plug-in HEV) can be the different boundary conditions and 
different optimisation objectives. However, a suitable energy management 
method for a charge-sustaining HEV can be modified and applied to a plug-in 
HEV. 
Different geographical and environmental conditions of the road can affect the 
fuel consumption in a HEV. These parameters can be classified as disturbances 
in the control problem affecting the obtained control signals. For this reason, 
implementing suitable control strategies by taking into account more efficient 
performance can be achieved. Thus, a predictive scheme is incorporated in the 
energy management system the HEV in this thesis.  
1.5 Look-ahead Energy Management 
Although HEVs have made it possible to improve fuel efficiency and reduce 
emissions, considerable energy efficiency can be achieved by using the driving 
profile, environmental effects, driving behaviour and intelligent control 
strategies. One approach to increase the efficiency of the power-train is the 
look-ahead control which uses the knowledge about future conditions of the 
road. 
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Over the last few years, many new systems and technologies have been 
employed in vehicles. For instance, premium vehicles are equipped with global 
positioning systems (GPS) and mobile phones. The information about the 
traffic and environment conditions enables the use of predictive energy 
management controllers. HEVs with trajectory-forecasting are a special class 
of predictive energy management systems, whereby the decision to optimise 
the control strategy is made in part by using a prediction of the road conditions. 
Such information can be obtained from the combination of road topography 
maps with GPS. Thus, this information can be implemented in a look-ahead 
energy management controller. A look-ahead energy management controller 
has the potential to adapt to the current and future conditions in order to obtain, 
an optimal performance, and consequently reduce consumed energy. 
Much of the research in HEV energy management has focused on the use of 
standard drive cycles to recognise the demand power. The effect of the road 
topology and its influence on fuel efficiency has not been addressed well. 
However, some recent studies concentrate on the predictive control approach. 
Many of the applied methods in look-head energy management suffer from the 
burden of intensive calculations. In other words, although the predicted 
information can be incorporated into the energy management system, the 
amount of computational time that would be required for the system to be used 
effectively may be impractical. A predictive control strategy would require a 
significant amount of computational speed in order to make decisions within an 
acceptable time frame. Even though the vehicle’s computers are enhancing, 
they are not fast enough to address the mentioned issue.  
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1.6 Research Objective 
This thesis aims to focus on online predictive energy management in HEVs to 
reduce fuel consumption. Hence, the research question addressed in this thesis 
is: 
How can look-ahead information assist in improving an online energy 
management and power split control to further reduce fuel consumption in 
hybrid electric vehicles? 
In order to find the answer to this research question, the thesis makes several 
novel contributions. 
1.7 Contributions 
The major contributions in this research can be outlined as follow: 
• A review of the state of knowledge in the field of control and energy 
management in HEVs is carried out. 
• Since the variation of road load can affect energy management 
strategies, to find a power-train configuration that is less sensitive to 
road load, different vehicle configurations are modelled and a drive 
cycle analysis is performed. 
• The key innovation of the project is development of a model of a 
PHEV using the real road data with an intelligent look-ahead online 
controller. Another novelty of this work is the method of route 
planning. It combines the information of vehicle sensors such as 
accelerometer and speedometer with the data of a GPS to create a 
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road grade map for use within the look-ahead energy management 
strategy in the vehicle. 
• For the PHEV, an adaptive cruise controller is modelled and an 
optimisation method is applied to obtain the best speed profile during 
a trajectory. 
• Finally, the nonlinear model of the vehicle is applied with the sliding 
mode controller. The effect of using this controller is compared with 
the universal cruise controller, PI in the plant. The stability of the 
system is studied and proved.  
1.8 Structure of The Thesis 
This thesis is organized as follow: 
9 In Chapter 2, the existing approaches for the energy management of 
HEVs are discussed. They are classified based on the method of energy 
management. 
9 In Chapter 3, the necessary theoretical background on HEVs and control 
methods is given. 
9 In Chapter 4, a comparison of different power-train configurations from 
the standpoint of fuel economy is given. 
9 In Chapter 5, modelling of a PHEV, and its control using a look-ahead 
intelligent energy management system is given. 
9  In Chapter 6, an adaptive cruise control of the modelled PHEV based 
on optimal speed profile for a known road, cruise plant linear and non-
linear models, and an optimal controller tuning are presented. 
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9 In Chapter 7, the mathematical development of a sliding mode controller 
for the nonlinear model of cruise controller that is implemented in the 
look-ahead system is investigated. 
9 In Chapter 8, conclusions and future directions of this research are 
discussed. 
1.9 Summary 
This chapter discussed the motivation of this research, aim and objectives, as 
well as outlined the contributions of the thesis. The next chapter presents a 
study on the existing approaches on energy management and control strategies 
of the HEVs.  
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C H A P T E R  T W O  
2 Existing Approaches in Control and 
Energy Management of Hybrid Electric 
Vehicles 
2.1 Outline of Chapter  
This chapter presents a review of the recent existing approaches in control and 
energy management of hybrid electric vehicles. The existing approaches are 
grouped into several categories. Each category is described in details. Then, the 
performances of the methods within each category are discussed. The 
advantages and disadvantages of each method are explained. 
2.2 Existing Approaches to Energy Management in 
HEVs 
The ability to enhance fuel economy depends on the vehicle, the drive cycle 
and hybridization range from below 10% for mild hybrids to more than 30% 
for fully hybrid vehicles [16]. This improvement is achievable only with the 
management of multiple energy sources or control of flow of power from both 
mechanical and electrical paths. This dictates the utilization of an appropriate 
coordinate control or energy management strategy. Energy management 
strategy is a law that regulates the operation of the drive-train of the vehicle 
[17]. This observation has promoted a considerable amount of research in 
recent years. There have been two general approaches dealing with the control 
and energy management in HEVs so far: rule-based and optimization-based. 
All solutions to the energy management in HEVs can be classified in these two 
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groups. In Figure 2.1, all main reported solutions are classified based on the 
above general trends.  
 
Figure 2.1: Energy management classifications in HEVs.  
2.2.1 Optimal control strategies 
Optimal control theory deals with the  finding of the control signals for a given 
system such that they satisfy the physical constraints and at the same time 
minimize (or maximize) certain criterion [18]. 
Generally, in optimisation methods, an optimisation horizon and a cost 
function are considered. The solution to the optimal control problems consists 
of minimizing the total cost over a predefined horizon. By minimizing the cost 
functions with the goal of reducing fuel consumption and/or emissions, the 
optimal solutions to the problem are obtained. The previously nominated 
solutions to the problem are the objectives such as optimal power reference for 
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power converters (ICE and EM), and optimal gear ratios. The cost function is 
performed based on different HEV topologies [19]. It is not necessarily to 
minimize the fuel mass-flow rate instantly, but rather the total energy 
consumed during a driving path. Then, the optimisation is carried out over a 
known drive cycle. Possible drive cycles are single or multiple repetitions of 
standard test-drive cycles, for example, the Federal Urban Drive Schedule 
(FUDS) in the United States and the MVEG-95 in Europe [20]. 
A simple index performance of an optimisation problem for HEVs is J=mF(t), 
where mF is the consumed fuel mass over a trajectory during a time duration, 
T. This cost is illustrated as the following format in literature [21-25]. 
ܬ ൌ ׬ ሶ݉ ி்଴ ൫ݐǡ ݑሺݐሻ൯݀ݐ  (2.1) 
where u(t) is the control signal. 
Vehicle emissions can also be included in the cost function [26-30]. In order to 
solve the cost function, many approaches have been used so far. 
The traditional optimal control theory [31] provides a mathematical framework 
for addressing the optimisation problem. A method that can be used to solve an 
optimal problem is the application of Euler-Lagrange equations [18]. In this 
method, "Lagrange multipliers" provide a strategy for finding the maximum 
and minimum of a function subject to constraints. This method is used by 
Delpart et. al [32] to solve the power distribution in a PHEV. In the proposed 
control strategy, a cost function based on fuel consumption is defined. The 
mechanical limitation of parameters such as the ICE torque, the EM torque, 
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and the battery state of charge (SOC) are considered as inequality constraints 
in the optimal control formulation. To obtain the minimum difference between 
the delivered electrical energy in the start of speed cycle and the remained 
charge at the end of drive cycle, an equality constraint is defined as follows: 
ݔሺܰሻ െ ݔሺͲሻ ൌ ߂ܱܵܥ (2.2) 
In this formula x(N) is the final SOC, x(0) is the initial SOC, ǻSOC is the 
overall state of charge variation, and N is total discrete time. The inequality 
constraints are written as equality constraints by introducing a positive 
parameter. Then, by considering "Lagrange multipliers", the constraints and the 
dynamics of the system are included in the cost function. Thereafter, by 
applying the Lagrange method the new cost function is solved to obtain 
"Lagrange multipliers" and control outputs - gear ratio and engine torque. To 
avoid the computational complexity, the number of gears is reduced to two 
gears. In addition, during the process of calculation, an approximation is used 
to convert the problem to a linear model of drive-train. Although there are 
some approximations to reduce the burden of the complexity and computation, 
the calculation of the obtained equations is still a time consuming process. 
Moreover, the assumption of two gear shifts in the vehicle reduces the appeal 
of this approach. Therefore, this approach is not applicable due to its 
computational complexity and the considered conjectures. 
Paganelli et al. [33] introduced a charge-sustaining operation. A formulation 
based on converting the use of the EM into equivalent fuel consumption is 
performed. This equivalent fuel consumption is added to the mass flow 
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consumed by the ICE. A minimization problem based on the rate of fuel 
consumption of the ICE, and equivalent fuel rate of the EM is defined. This 
method is used in the supervisory controller to adjust the instantaneous power 
split between the ICE and the EM to minimize the equivalent fuel 
consumption. This method was used in a recent study [34] as well. However, 
the finding of the equivalent fuel consumption of the battery and the EM needs 
to be considered for all the components in the power flow path from tank to the 
EM. This was not considered in Paganelli et al.’s work. Moreover this method 
requires parameter tuning to facilitate proper SOC balance and drivability. 
Approximating the original optimisation problem can significantly decrease the 
computational burden. Linearisation is a scheme that converts a complex 
nonlinear system such as a HEV to a standard linear problem such as the 
following presentation: 
݉݅݊்ܿǤ ݔ (2.3) 
: 
ܣǤ ݔ ൌ ܾ  (2.4) 
ݔ ൒0  (2.5) 
Here, c is a n×1 vector, x is a n×1 vector, A is a m×n vector and b is a m×1 
vector. Then, this simpler problem can be solved by standard linear 
programming techniques, such as the simplex method [35] [36]. Another 
alternative approximation to the original cost function is the quadratic 
programming method [22] [37], which is a quadratic presentation of the cost 
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function with linear constraints. The principle purpose of the optimisation is 
finding the global optimum, however, all these simplifications yield suboptimal 
solutions to the cost function. 
For example, Joen et al. [38] used the linear quadratic method to solve an 
analytical formulation of the energy management in which a parallel hybrid 
vehicle (HEV) is simplified to a linear, time-invariant (LTI) system. The 
control was based on the known reference velocity of trajectory. 
The method most widely used for obtaining the optimal solution in case of 
perfect and complete information is the Dynamic Programming (DP) approach 
[39-42]. The DP approach is a global optimisation method, and a powerful tool 
to solve general dynamic optimisation problems. It benefits from obtaining a 
globally optimal solution while easily handling the constraints and nonlinearity 
of the problem. Because of this, it has been employed in many HEV energy 
management studies that the most significant of them are reviewed in this 
section. In this method, an optimal solution is found by dividing the given 
driving profile into many segments. 
In the discrete-time arrangement, the model of a HEV is stated as follows: 
ݔሺ݇ ൅ ͳሻ ൌ ݂൫ݔሺ݇ሻǡ ݑሺ݇ሻ൯  (2.6) 
Here, u(k) is the vector of control variables such as the desired ICE torque, 
battery voltage/current (desired motor torque), or gear ratio control signal. x(k) 
is the state vector which is based on the defined dynamic system. It can be the 
SOC, vehicle position, electric storage system current and so on. The 
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optimisation goal is to find a control vector, u(k) that minimizes the cost 
function. The general form of the cost function consists of the variables such as 
fuel consumption and/or emissions in the following form: 
ܬ ൌ σ ܮሾݔሺ݇ሻǡ ݑሺ݇ሻሿ ൌ σ ܮሺ݇ሻேିଵ௞ୀ଴ேିଵ௞ୀ଴   (2.7) 
where N is the trip duration and L is the function that expresses the cost of fuel 
and/or emissions. During the optimisation, it is necessary to impose the vehicle 
parameters such as the ICE torque, the EM torque and the battery SOC in the 
inequality constraints to ensure the safe and smooth operation of the engine, 
battery and motor. 
The DP approach is a numerical technique based on Bellman’s Principle of 
Optimality [43]. For every path between the decision stages, there is a cost 
derived from the defined cost function. First, the optimal solution for the last 
segment is obtained. In this stage, the overall dynamic optimisation problem 
can be deconstructed or broken down into a sequence of simpler minimization 
problems as follows [18]: 
ܬேିଵכ ሾݔሺܰ െ ͳሻሿ ൌ ݉݅݊௨ሺேିଵሻ ܮሾݔሺܰ െ ͳሻǡ ݑሺܰ െ ͳሻሿ  (2.8) 
Here, ܬ௄כ  is the optimal cost-to-go function. Then, in a backward recursive way, 
the calculation moves one step back to obtain the optimal solution for the 
previous step: 
ܬேିଶכ ሾݔሺܰ െ ʹሻሿ ൌ ݉݅݊௨ሺேିଶሻሼܮሾݔሺܰ െ ʹሻǡ ݑሺܰ െ ʹሻሿ ൅ ܬேିଵכ ሾݔሺܰ െ ͳሻሿሽ  
 (2.9) 
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 For all segments, k (0<k<N-1), the above recursive equation is solved 
backward to achieve the optimal control policy. 
With this overview on the DP approach, in this subsection, some inclusive 
studies based on this approach are investigated and discussed.  
A simple way to represent the control vector, u(t), is a power-split ratio (PSR): 
ݑሺݐሻ ൌ ௘௟௘௖௧௥௜௖௣௢௪௘௥ௗ௘௠௔௡ௗ௣௢௪௘௥  (2.10) 
This was introduced by Jeon et al. [26]. They presented a parallel hybrid 
configuration of a truck. In their study, a multi-mode control algorithm for 
minimizing the fuel consumption and engine-out emissions is defined in a cost 
function: 
ܬ ൌ σ ሾ݂ݑ݈݁ሺ݇ሻ ൅ ߤǤ ܰ ௫ܱேିଵ௞ୀ଴ ሺ݇ሻ ൅ ߴǤ ܲܯሺ݇ሻሿ ൅ ߙሺܱܵܥሺܰሻ െ ܱܵܥሺͲሻሻଶ  
 (2.11) 
where k is the time step, N is the duration, ȝ and ȣ are the weighting factors for 
the engine-out NOx and PM emissions (particulate matter emissions), Į is the 
weight for terminal battery charge deviation, and SOC is the battery state of 
charge. 
Minimizing the cost function, the DP approach is applied to obtain the optimal 
power split ratio. 
With the obtained optimal points a least-square curve fit is then used to 
approximate the pattern of the optimal power ratio as it is shown in Figure 2.2. 
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Figure 2.2: Power-split ratio control signal for a parallel hybrid using the DP 
approach and with the standard drive cycle, UDDSHDV [26]. 
  
The approximated optimal patterns were developed for six representative 
driving patterns. Because of the computational complexity of the DP approach, 
and in order to make an on-board controller, a rule-based system was 
introduced. It approximates the performance of the theoretically optimal DP 
results. 
The proposed strategy assumes that (i) driving pattern does not change rapidly 
and thus an obtained pattern is likely to be similar to the future one, and (ii) the 
sub-optimal control strategies are different enough that selecting a proper one 
among them will result in significant performance improvements. However, 
these assumptions cannot be correct in all situations and real driving 
conditions. Another drawback of this method is that the future cycle may not 
coincide with the previous pattern. As a result, the presented approach offers 
only modest improvements in HEV energy management. 
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The improved pattern recognition is a pattern learning approach [44, 45]. This 
method is also based on the optimal parameter-tuning and on-board pattern 
recognition. The difference is that the statistical pattern learning is used for the 
off-line classification of driving pattern and through the repetitive simulations. 
In order to statistically realize different driving patterns, multiple simulations 
are required. Therefore, to identify a driving situation, a new module is added 
based on its statistical properties. This module combines the driving 
environment, the style of driver and the operating mode of the vehicle. 
Although the combination of the learning method and pattern recognition has 
improved the efficiency in comparison, its main downside is that it requires a 
large amount of repeating simulations to obtain representative statistical 
characteristics and achieve consistent pattern learning. 
Perez et al. [41] defined a supervisory control to manage the power in a SHEV. 
The strategy of the supervisory control is to minimize the fuel consumption. 
They abstracted the SHEV with two sources of energy, fuel tank and electrical 
storage supply. By power flow relations and related constraints, two functions 
were defined. Using the DP approach, one of the functions was solved and the 
optimal power split between the engine power and buffer (battery) power for a 
predefined drive cycle was obtained. 
Gong et al. [46] applied the DP approach to a plug-in HEV. Because of the 
higher capacity of the battery in plug-in HEVs, the fuel economy is subject to 
operation in electric mode only for longer distances. At the destination, the 
charge of battery reaches the minimum possible level and then while parked, it 
could be recharged via its plug-in input. The methodology of energy 
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management is similar to a conventional HEV. It is based on power split 
management with consideration of the SOC in its minimum amount. 
There are some combined methods involving the DP approach. By using a 
neural network, a module for estimating the future vehicle load was performed 
in ref. [47]. The previous 15 seconds of the real load profile is fed to the neural 
network module in order for the next 20 seconds of the future load to be 
estimated. It means that the training time is 5 seconds for each horizon window 
in this approach. Then, the DP approach is applied in the on-board supervisory 
control system in order to optimise the power split between the EM and the 
ICE and to minimize fuel consumption during the estimated future time 
window in a PHEV. However, the method of future load estimator has not been 
discussed well, and there is ambiguity in the training method and the 
application of the neural networks. 
The global optimum approaches are not casual. It means that, finding the 
minimum fuel consumption needs the information of future and past power 
demands. However, this assumption depends on having a complete knowledge 
about the whole trajectory which is impossible most of times. Another obstacle 
to this approach of control design is the complexity of the model and the 
burden of its calculation. Accordingly, despite the fact that the global 
optimisation-based strategies realize the optimum solutions, their application to 
the online energy management is limited. However, since they provide the 
global optimality, they can be used as a benchmark for comparison with other 
optimisation algorithms. 
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2.2.2 Heuristic Control Methods 
Heuristic means to find or to discover by trial and error. Heuristic control 
strategies are not based on minimization or optimisation, but rather on a pre-
defined set of rules. The heuristic methods are efficient in online coordinate 
control scenarios. Deterministic rule-based control and fuzzy logic control can 
be classified into the group of heuristic approaches. They rely on expert 
knowledge which comes from an operator who has performed as a “human-in-
the-loop” controller for a specific process. In other words, the applied rules are 
designed based on the heuristic knowledge of an expert [48-50] and even 
mathematical models [29, 51, 52]. These methods can be used to model a 
nonlinear and time-varying system and provide a suboptimal fuel economy. 
The general rule–based control strategies are not relying on any past and future 
knowledge about trajectory, but use the efficiency map of the components such 
as the ICE, the EM and battery. The energy management system controls how 
much energy is flowing to or from each component so that they operate in their 
efficient areas. The rules are designed to address the defined goals of the 
control strategy. For example, rule-based energy management systems tend to 
maintain the SOC in the midpoints operation. 
Usually, a rule-based energy management in HEVs is based on “load-
levelling” concept. This approach was developed by Hochgraf et al. [53] who 
used engine, alternator and battery characteristics for determining an 
appropriate engine control strategy for a series hybrid electric vehicle. Their 
examination revealed that a load-levelling strategy applied to a small engine 
would provide better fuel economy than a power-tracking only scheme. Their 
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idea became a fundamental concept for some other works. Jalil et al. [54] 
defined a rule-based control strategy based on the engineering knowledge. This 
strategy was formed by splitting the power demand between the engine and the 
battery, considering vehicle conditions such as the SOC. This strategy was 
expressed in IF-THEN rules form. The policy of the defined rule-based 
controller was to maintain the engine and the battery at high efficiency. The 
operating points are selected based on the efficiency maps of the ICE and the 
battery. The strategy uses a thermostat or ON-OFF [53, 55] control. 
Thermostat control is a primeval method which maintains the battery SOC in a 
preset high and low lines by turning ON/OFF the engine. In spite of the 
simplicity of the method, this strategy cannot satisfy the power demand of all 
operating circumstances. Moreover, this control strategy is applicable to series 
hybrid and cannot be utilized in other configurations. 
Another rule-based strategy, which is used in Toyota Prius, Ford Escape and 
Lexus RX400h HEV is the power baseline (“power following”) control 
strategy [56]. In this control strategy, the engine load follows the road load 
demand. The controller uses the engine as a main source of torque with respect 
to efficient operation of engine, and also uses the EM as complementary power 
in the following ways: 
1. Under a certain minimum speed, the motor provides all driving. 
2. When the required torque surpasses the maximum engine torque, the motor 
assists with the exceeded torque. 
3. In the braking, the batteries will be charged with the regenerated power. 
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4. The engine will be switched off when the torque request is under a 
predefined limit as shown in Figure 2.3. 
5. In the condition of SOC under a predefined limit (low limit), the engine 
provides the required power to drive the EM as a generator in order to charge 
the battery. In the case of 2004 Toyota Prius, the propulsion control system is 
determined by three main principles: the engine is switched ON or OFF based 
on the estimated driver power demand; in the ON state, the engine is run along 
its high efficiency area; the battery SOC is controlled by charging from the ICE 
or discharging into the wheels [57]. 
 
Figure 2.3: Baselines control strategy [27]. 
This strategy lessens losses related to high power throughput in the energy 
storage system, and improves the driving comfort which is not considered in 
the thermostat control. However, the main challenge in this strategy is the 
operation of the engine only in the high efficiency region that cannot be 
assumed under all conditions. In the other words, the control strategy beyond a 
detailed knowledge of the system requires having opinion or database 
knowledge of the type of control method that works better in each of the 
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identified operating conditions. Consequently, an adaptive online rule-based 
control strategy needs to be introduced to improve the baseline control strategy 
[27]. In this method, a cost function with the effect of fuel consumption and 
emissions is introduced. Then, the control system chooses the operation points 
that minimize the cost function. The operator is able to adjust the desired 
weights with respect to the importance of fuel economy or emissions. The steps 
for implementing the approach are summarized as follows [27]: 
"Step 1: Define the range of possible operating points corresponding to the 
range of acceptable motor torques for the current torque request. 
Step 2: For each candidate operating point, calculate the constituent factors for 
optimisation: 
a. Calculate the fuel energy that would be consumed by the engine. 
b. Calculate the effective fuel energy that would be consumed by the 
electromechanical energy conversion. 
c. Calculate the total energy that would be consumed by the vehicle. 
d. Calculate the emissions that would be produced by the engine. 
Step 3: Normalise the constituent factors for each candidate operating point. 
Step 4: Apply user weighting to results from Step 3. 
Step 5: Apply target performance weighting to results from Step 4. 
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Step 6: Compute overall impact function, a composite of results from Steps 3-
5, for all candidate operating points. 
The final operation point is the operating point with the minimum operating 
point calculated in Step 6." 
The algorithm operates the system at its higher overall efficiency in 
comparison with the baseline method. Since the optimal operating points 
depend on different power demands, the stated steps need to be run in order to 
find all nominated operating points. Finding the operating points is a time 
consuming process which is not desirable for online implementation. 
The state machine control strategy was developed by Philips et al. [58]. The 
strategy is based on all the possible operating states and all the possible 
transitions between these states. The change of states is decided based on the 
driver demand and vehicle operating status changes. In other words, transitions 
occur when there is a change in the driver demand, the vehicle operation 
condition or the safe operation. For example, when efficient operation states 
that the vehicle needs to be driven by the engine instead of the motor, a 
transition occurs from "motor drive" to "engine start". In addition, it was 
asserted that dynamic control algorithms provide output commands to the 
subsystem controllers. Although this control strategy facilitates fault detection 
in HEVs, from an energy management point of view, there is no further 
improvement on the rule-based approaches. 
A relatively simple control strategy was developed by Banjac et al. [59]. As the 
rules may not guarantee the effective operation of the power-train under 
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different driving conditions, two control strategies were applied: (1) normal 
operation, and (2) control strategy with stop/start operation. However, driving 
conditions cannot be only divided into two categories. Therefore, this rule-
based method is not flexible enough to face all potential circumstances. 
The rule-based control is the foundation of fuzzy logic which translates 
linguistic representation of control inputs and outputs into numerical 
representation with membership functions in the fuzzification and 
defuzzification processes. Fuzzy logic is a powerful means that can be used to 
control nonlinear, multi-domain, and time-varying plants with multiple 
uncertainties. 
Baumann et al. [60] developed a fuzzy control strategy using the methodology 
of "load leveling". The objective of this study was the development of an 
energy management system that forces the ICE to act in the vicinity of its best 
point of efficiency, or its best fuel use for every instant in time during the 
vehicle operation. The efficiency map and the linguistic explanation of the 
ICE’s speed and torque are shown in Figure 2.4. 
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Figure 2.4: A general efficiency map, presenting the position of best efficiency 
operating points [61]. 
 
 In order to guarantee the ICE’s operating point as close as possible to its 
efficiency peak, the resulting power difference is contributed by the EM. In 
other words, when the demand for power is greater than the efficient power of 
the ICE in a specific speed, the extra power is assisted by the EM, and when 
the demand is less than the optimal power, the extra power is used by the EM 
and stored in the battery. To present the points of the proposed model, the 
system shown in Figure 2.5 was formed. 
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Figure 2.5: Baumann et al.’s fuzzy logic model based on load levelling 
approach [60]. 
 
 In the model, vdesired is the desired vehicle’s speed and v is the actual 
longitudinal velocity. Based on the given engine speed and the torque, with 
regard to the efficiency map or the fuel use map of the ICE, the optimum 
estimator block determines the optimal operating point of the ICE, TICE.OPT. 
The control of the engine speed is performed by selecting a proper gear ratio. 
The road load estimator determines the actual load of the vehicle from the 
longitudinal forces such as drag force, rolling resistance and gravitational 
force. Thereafter, the EM provides extra torque to compensate for the 
difference between the road load and the optimum ICE torque, by producing 
excessive torque, or charging the battery based on the sensed SOC. Then, the 
result of the fuzzy controller are command to the ICE: ǻĮ and the actual EM 
torque, TEM. Because the emphasis of the proposed method is based on the 
efficiency of the ICE, and the degree of hybridization is on the engine side, the 
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efficiencies of the EM and the battery and their effects on the overall efficiency 
were not considered in this study. 
A fuzzy torque distribution controller for energy management proposed to 
allocate the driver demand torque to the ICE and the EM in a PHEV [61]. In 
this study, each mode of operation such as acceleration, deceleration cruise and 
idle was related to a set of rules. The input of the EMS is the driver demand 
torque which is a translation of the urban drive cycle, FTP75. Thereafter, this 
torque is associated with the dynamic of the vehicle as follows: 
௖ܶ െ ଵܶ ൌ ܬ௘௤ ௗఠௗ௧   (2.12) 
where Tc is the driver’s command torque through the accelerator or the brake 
pedal (interpreted from drive cycle), T1 is the road load torque calculated from 
rolling resistance, drag and gravitational force, Jeq is the equivalent inertia, and 
Ȧ is the rotational speed of the vehicle's wheels. The fuzzy rules act such that 
the main demand torque provided by the ICE, and the EM supplies the 
additional torque when it is required. However in this study, the efficient 
operation of the ICE and the EM was not considered. Particularly, the SOC of 
the battery was sustained around its high level of charge which its efficient 
operation is around middle range in the diagram of charge and discharge. 
As an extension to the previous study, Langari and Gong [44, 45] proposed an 
intelligent energy management agent for HEVs. They proposed an extension to 
the introduced method in their former study (fuzzy torque distribution control) 
by considering a true drive cycle analysis. The main task of the energy 
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management system is to allocate the required torque between the electric 
motor and the ICE. To perform this function in the proposed intelligent energy 
management system, four subagents are introduced: "driving information 
extractor (DIE), driving situation identifier (DSII), fuzzy torque distributor 
(FTD), and state-of-charge compensator (SCC)". 
The DIE is developed to interpret the statistical features of the driving pattern. 
The DSII, which includes four components (roadway type, driver style, driving 
trend and driving mode identifiers) is performed to extract overall traffic 
environment. The mission of the FTD is to find out the efficient distribution of 
torque between the motor and the engine. Finally, the SCC module is applied 
to achieve the charge-sustaining function of energy storage system. The 
following equation is the core part of the proposed system: 
௘ܶ ൅ ௘ܶ௖ǡி்஽ ൅ ௘ܶ௖ǡௌை஼ ൅ ௠ܶ௖ ൌ ௘ܶ௖  (2.13) 
Here, Te is the present ICE torque; Tec,FTD is the additional ICE torque for 
propulsion; Tec,SOC is the extra torque of engine for charging; Tmc is the 
command torque to the motors and Tec is the ICE command torque. The block 
diagram of the fuzzy controller is illustrated in Figure 2.6. 
 
Figure 2.6: Langri's et al. intelligent energy management agent structures [44]. 
  
41 
The main idea behind the proposed fuzzy controller is the well-known idea of 
"load-leveling". However, the contribution of this study is the driver 
characteristics extracted from the drive cycles and its road-type identifier. 
Road-type identifier is designed to classify the current traffic circumstances 
based on the roadway type and the traffic congestion level. The main 
disadvantage of this study is that the efficient operation of the electric motor is 
neglected. 
Schouten et al. [62] proposed a fuzzy-logic control system in order to optimise 
the fuel consumption in a PHEV. The proposed method is based on the 
efficiency optimisation of the essential parts of the vehicle including the ICE, 
the EM, and the battery. An efficiency map for a generic compression-ignition 
direct injection (CIDI) engine in the speed-torque mode was used. Considering 
the SOC, the outputs of the controller track the work of the components, the 
ICE and the EM/generator, so that they worked on the efficient region on 
speed-torque coordinates. Accordingly, a power-split strategy through fuzzy 
rules was formulated differently in order to manage the following five possible 
ways to transmit the power to wheels: (1) only the ICE, (2) only the EM, (3) 
both the ICE and the EM at the same time, (4) battery charging by using a 
portion of the ICE power to drive the EM as a generator and the remaining 
power to drive the wheels and (5) regenerative braking by slowing down the 
vehicle and letting the wheels drive the EM as a generator providing power to 
the battery. Although the system benefits from the shifted operating points of 
the EM, and the battery can operate in the corresponding optimum efficiency 
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regions, its downside is that in-advance road information has not been 
considered in the work. 
He et al. [48] proposed a fuzzy logic scheme combined with a rule-based 
control strategy. Similarly, the best efficiency curve was implemented as the 
criteria to maintain the engine near its efficient operating region. Accordingly, 
the fuzzy controller optimises the engine operating points to achieve fuel 
economy. Also, in order to prevent the battery’s depletion and over charging, 
the SOC is controlled in a proper range, and the electric motor is used as a load 
leveling device. 
Lee et al. [63] employed the acceleration pedal and the rotational speed as 
inputs to a fuzzy controller. The introduced fuzzy logic controller intends to 
minimize NOx emissions while sustaining the SOC. An induction machine is 
used as a regulator to uphold the engine torque near its optimal operation. 
According to the acceleration pedal stroke and engine rotational speed, the 
fuzzy logic controller produces a torque command factor, K. Based on the K 
factor (equivalent with the load demand), the load is split between the electric 
motor and the engine. With respect to the SOC of battery, when the power 
demand is low or torque is negative, the electric motor acts as a generator to 
recharge the battery. The main drawback of this approach is that the charge 
sustenance of the energy storage system is not guaranteed. 
Hajimiri and Salmasi [64, 65] developed a fuzzy rule-based control strategy for 
a SHEV in which two aspects are considered: battery durability and predictive 
control. Their study shows that using the information about the vehicle path 
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and the traffic ahead can relatively improve the energy consumption and 
emissions. However, the method of look-ahead and sampling, and related rules 
in the fuzzy controller are not developed well and they are not clear. Moreover, 
the efficient operation of the ICE and the EM was not been considered. 
Kheir et al. [66] implemented a fuzzy logic controller to improve the fuel 
economy and reduce the emissions of a PHEV. The applied energy 
management system was designed to optimise the operation of the overall 
hybrid system based on the instantaneous vehicle information such as the 
driver input, the SOC of battery, the EM speed, the gear ratio and the vehicle 
speed. The attitude behind the power controller was well organized and 
articulated in the rules. The results revealed that, by applying the fuzzy 
controller, there was a potential for 10% improvement in fuel economy 
compared with the traditional methods which optimised the engine only. 
However, this achievement can be in contradiction with the reduced emissions. 
To find a balance in the emissions and the fuel economy (at a cost of 
sacrificing the fuel economy), the controller can be tuned to reduce the 
emissions. Even though the presented method shows the improved fuel 
economy and/or reduced emissions, still there exists a lack of more 
investigation into the robustness of the fuzzy controller. Also, an optimisation 
method can be applied to enable the tuning of the fuzzy rules or membership 
functions. 
Based on the idea of “load-leveling” and with respect to minimizing fuel and 
emissions which are the contending criteria, a fuzzy energy management 
system was developed by Rajagopalan et al. [67]. In this system, the relative 
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importance of fuel economy and emissions was selected via a set of weights. 
Accordingly, the optimal torque that can be demanded from the ICE is 
computed. Taking into consideration the SOC of the battery, the driver request 
(as the constraints) and the calculated optimal torque, the real optimal torque 
that can be requested from the engine was calculated. In order to fulfil the road 
load and the optimal operation of the ICE, the EM supplies either positive or 
negative torque. The basic idea of this study is presented in Figure 2.7. 
 
Figure 2.7:  Rajagopalan et al. fuzzy logic controller structure [68]. 
In order to find the optimal torque, a cost function is defined that has been 
derived from four competing parameters, fuel efficiency, NOX, CO and 
hydrocarbons (HC) emissions: 
݉݅݊ ܬ ൌ ሺݓଵ ሺͳ െ ߟҧሻ ൅ ݓଶܱܰതതതത௫ ൅ ݓଷܥܱതതതത ൅ ݓସܪܥതതതതሻ  (2.14) 
Here, wi (i=1…4) determines the degree of importance of each parameters and 
Ș is the efficiency. The presented "bar" on the parameters stands for normalised 
value. The ICE rotational speed is proportional to the rotational speed of the 
wheels when the clutch is engaged. The parameters are taken from their data 
maps. At any instant of time, by using the data of maps, the optimised torque at 
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the speed of the ICE is calculated. Then, with regard to the constraints, the 
possible torque close to the optimal is commanded via the fuzzy logic 
controller. 
The key feature of the proposed method is the ability to control any of the 
parameters by changing their relative weights. However, the method of 
solution of the cost function was not explained in this paper. 
A combination of fuzzy logic and genetic algorithm which is known as 
adaptive fuzzy rule-based was used by Poursamad and Montazeri [68] to 
determine how to distribute the driver’s required torque between the ICE and 
the EM. At first, a fuzzy logic controller was designed, the rules were 
determined, and through a genetic algorithm, the defined parameters 
(membership functions) were tuned. In their model, they applied a cost 
function whose target values are minimized fuel consumption and exhaust 
emissions (HC, CO, and NOxs). The values were weighted, and based on the 
level of importance they are included in a cost function. In this study, the 
emphasis was on the optimal operation of the ICE and the efficient operation of 
the EM and the optimal gear ratio was not addressed. The main contribution of 
this study is the application of genetic algorithm in tuning the fuzzy rules. 
A PHEV model with fuzzy logic-based controller was presented by Amiri et al. 
[69]. According to the efficiency maps of the ICE, the EM, and the battery, the 
controller instantly optimises the power flow between the ICE and the EM. The 
control strategy considers the following input variables: the battery SOC, the 
EM speed, the ICE speed, the total torque demand, and the ICE torque. 
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Respectively, linguistic variables and membership functions for each input and 
output are defined and the rules of the fuzzy inference engine are created. In 
the fuzzy structure, two inference methods, Mamdani and Takagi-Sugeno-
Kang (TSK) are evaluated. The model is developed in MATLAB/SIMULINK 
and the simulation performed based on SAE J1711 test procedure. With similar 
vehicle specifications, the results of the default control strategies in PSAT and 
ADVISOR were used to evaluate the proposed model. The simulation result 
was shown in Table 2-1. 
 
Table 2-1: Fuel consumption and acceleration performance comparisons for 
FLC, PSAT and ADVISOR based on the SAE J1711 test procedure [70]. 
Item Developed 
FLC 
TSK 
FLC 
PSAT's 
controller 
ADVISOR's 
controller 
Composite fuel 
consumption (lit/100 km) 
4.45 5.05 5.26 5.04 
UDDS fuel consumption      
(lit/100 km) 
5.11 5.77 5.91 5.72 
HWFET fuel consumption   
(lit/100 km) 
3.89 4.39 4.63 4.41 
US06 fuel consumption       
(lit/100 km) 
7.83 8.87 9.14 8.79 
SC03 fuel consumption       
(lit/100 km) 
5.71 6.37 6.47 6.28 
 
The summarised results in the table show fuel economy improvement of 11.9, 
15.4 and 11.7% in comparison with those achieved by the TSK controller, and 
the PSAT and the ADVISOR models based on their predefined controllers. 
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Despite the fact that the applied controller enhanced the fuel efficiency, there is 
ambiguity in the control of regenerative braking. In addition, the controller 
output is only an optimal torque of engine and the efficient gear ratio was not 
mentioned. 
To benefit from the advantages of the rule-based, optimisation-based and 
intelligent energy management approaches, a combined method was developed 
by Zhu et al. [70]. The method includes three steps: 
1. To incorporate continuous and discrete dynamics of a HEV, the hybrid 
dynamical system theory was applied in the formulation of the HEV’s 
control system as it shows in Figure 2.8. 
 
Figure 2.8: HEV control system proposed by Zhu et al. [71]. 
In the proposed model, the presented parameter on Figure 2.8, Q is a set of 
discrete state variables, E is a collection of discrete transitions, X is a set of 
continuous variables, R is the set of parameter relations and ĳ states a set 
of permissible inputs. 
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2. Sequential Quadratic Programming (SQP) and Dynamic Programming 
(DP) were used to optimise the battery power and the engine power for 
a predefined speed. 
3. To manage different operating mode transitions, a rule-based system 
was considered.  
4. With regard to the static result of optimisation, a fuzzy logic technique 
was utilised to identify the power distribution between the battery and 
the engine. 
However, the related formula of the optimisation methods, the state control and 
the related rules of the fuzzy controller were not clear. The discussions and 
evolution of benefits from the combined controller were weak. 
2.2.3 Look-ahead Control Methods 
It has been shown that a HEV is a proficient approach for reducing energy 
requirement of running a vehicle [5]. Further declines in fuel consumption can 
be attained by using look-ahead control strategies. A predictive system requires 
the actual position of the vehicle, the trajectory profile for the mission, the 
relative speed and the distance to the lead vehicle as well as general 
information about the traffic status. Such information can be provided by many 
telematic systems, including navigation services, traffic information, location-
based services, emergency and safety services [72, 73]. 
Vehicle navigation systems can help alleviate traffic congestion and associated 
environmental pollution [74]. The traffic information and navigation services 
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are generally provided by the GPS central TSPs (Telematics Service 
Providers). The combination of this information can provide new possibilities 
in vehicle control. For instance, this information can predict future road slopes 
which can be used in longitudinal load prediction. This approach in HEV 
energy management is classified as “intelligent transportation” [75]. The 
intelligent transportation and also optimal-trip-based control strategies can be 
considered as new interests in HEV studies. 
 Ichikawa et al. [76] proposed a system to predict the future driving pattern 
based on the past driving data. This study delegates an appropriate energy 
distribution to the ICE and the EM. As the recognition of future driving 
patterns is difficult, they considered a vehicle that commutes to work. Since 
commuting driving is almost fixed, and runs many times, by using the car 
navigation system, the driver’s past driving can be recorded in a database. 
Thereafter, the stored data in the database can be used to extract similar 
patterns of driving. Then, the classified patterns can be used to predict different 
commuting routes. In order to reduce the number of patterns, the clustering 
method is used to classify the distance-based velocities into a small number of 
illustrations. However, there is not a stated strategy using the clusters in the 
energy management system, and the study only benefits from a general method 
of clustering. Therefore, this study did not make a significant contribution to 
the prediction control in the HEV energy management. 
A remote control strategy based on the optimal solution from the DP approach 
was proposed in a bus energy management system [77]. The procedure of the 
proposed approach can be summarized as follow: 
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1. First, via the DP approach, the optimal control parameters (output 
torque from engine, output torque from motor, and gear shift ratio) are 
calculated for the entire trip based on the historical traffic data. The trip 
is divided into segments - each segment is the distance between the bus 
stops. In the first segment, the vehicle was controlled based on the 
obtained optimal parameter from the DP approach. 
2. When the bus stops at the second stop, the current vehicle state and 
the SOC are transmitted to the server (a remote control unit). With 
regard to the current states, the global optimisation for the rest of the 
route will be performed in the server. Then, a new control message will 
be transmitted to the Vehicle Control Unit of the bus. From the origin 
to the destination, such a process is repeated for each segment in 
sequence. 
However, the optimal solutions for each segment do not guarantee an optimum 
operation for the entire trip which is the focus of this study. Moreover, the 
benefits from the proposed approach were not compared with the other 
methods. 
Knowledge of the upcoming road topography gives a better prediction of the 
future load, and can be utilized by the look-ahead control strategy to improve 
the fuel economy. 
A method was proposed for automatic deceleration when entering the road 
curves to prevent collision on tense curves [78]. The navigation system was 
applied to find the safe speed associated to a curve. The navigation system 
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sends the curve radius to the controller. Then, it calculates the safe speed of the 
curve. The study focused on the safe speed on the road bends that can be a part 
of look-ahead control in vehicles. 
A conventional vehicle that equipped with telematic facility was considered in 
Manzie et al.’s investigation [79]. The proposed algorithm in this study used 
the preview information provided by telematics to modify the vehicle’s speed 
at each point of the drive-cycle. It was observed that by using in advance 
information about traffic, the achieved fuel economy could be comparable with 
the fuel economy of HEVs. 
An optimal power management method for a plug-in HEV based on the DP 
approach was proposed by Bin et al. [80, 81]. Different power cycles (based on 
length, initial speed, acceleration, road grade and wind) were calculated to 
present the input power demand of the optimisation system. The problem was 
solved and the SOC obtained with linearization of the non-linear dynamics of 
the battery for different power split ratios (PSR). In order to reduce the 
computational burden of the DP approach, the road was divided into segments. 
To analyse the sensitivity of fuel economy to different road segments and road 
grades, six sections with different lengths and three grades were evaluated. 
Simulation and discussions revealed that incorporating additional trip 
information such as road grade and predictable load changes into the 
optimisation can significantly improve fuel economy. The results also showed 
that the fuel efficiency is less sensitive to the segment's length. However, these 
assumptions cannot be valid when there are significant changes in the road 
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segments. Moreover, the best obtained calculation time (610 second) is still too 
high for use in an online system. 
 A challenge in look-ahead control strategies is the estimation of the road 
information such as road slope (grade). A general approach for measurement of 
the instantaneous road grade is by using a sensor to directly estimate the grade 
[82]. In recent contributions, GPS receivers of various kinds are used to 
achieve road grade estimates. Bae et al. [83] compared two methods of grade 
estimation by using a GPS receiver with a 3D velocity output and a two-
antenna GPS. High precision GPS equipment was employed in Han and Rizos 
work [84]. In their study, a road in Australia was reviewed using geodesy GPS 
receivers combined with stationary base stations for enhancement of accuracy. 
The height and the grade were defined as the states, and then a spatial Kalman 
filter was used to post-process the data. However, all these schemes rely on the 
existence of a high-quality GPS signal. The other approach in the estimation of 
the geographical characteristics of a road is the idea of using vehicle sensor 
information in combination with a longitudinal road model of a vehicle. This 
idea was first surveyed in Lingman's and Schmidtbauer's study [85]. They used 
a Kalman filter to obtain an accurate estimation of vehicle mass and road slope. 
First, the estimation was done for the slope when the vehicle mass is known. 
Two different sensors are used to measure speed and specific forces 
(retardation). A similar process applied by Vahidi et al. [86] which was a 
simple motion model. The estimated grade was obtained by using the 
‘‘recursive least squares’’ method [87]. 
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Real time road mass estimation without a GPS was proposed by Fathy et al. 
[87]. Mass can be applied for calculation of the road grade. An algorithm was 
built based on the idea of "perturbation theory". The following equation is the 
perturbed of the longitudinal equation of the vehicle in the high-frequency 
state: 
݉ߜݒሶ௫ ൌ ߜܨ௘ െ ߜܨ௕  (2.15) 
Here m is the vehicle mass, į denotes a small deviation in the given quantity, 
Fe is the longitudinal force acting on the vehicle equals the effective engine 
force at the wheels, and Fb is the effective braking force at the wheels. Then, 
the mass via this equation and the other measurement sensors in the vehicle can 
be estimated. However, the proposed method relies on the approximation of the 
longitudinal equation (Equation 2.15) that cannot be valid in all possible states. 
Therefore, this method cannot provide precise estimation that is needed for 
accurate control actions. 
To improve the accuracy, the idea of automatic creation of road maps from 
GPS traces was developed in a few studies [88, 89]. The proposed approaches 
tend to induce high-precision maps from traces of vehicles equipped with GPS 
receivers. The emphasis in these schemes is on the applied data mining 
methods. Both the studies use 2D-maps without road grade information. In 
addition, they do not investigate the possibility of using a vehicle model and 
on-board sensors to enhance accuracy. 
Attempts to automatically recognise road geographical characteristics accurate 
enough to be used in look-ahead vehicle energy management applications have 
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been made in some recent studies [90, 91]. To acquire the required data for 
forward-looking driving, a data logger was proposed by Carlsson and Reuss 
[90]. It showed how information of the road characteristics of a habitually 
driven route can be automatically produced and continually updated in a 
vehicle during each drive. The obtained information can then be utilised as 
foresight information in the predictive driving strategies. The logged data were 
supplied by standard sensors in the vehicle, and a GPS. The proposed model is 
illustrated in Figure 2.9. 
 
Figure 2.9: Schematic system proposed by Clarsson and Reuss. 
The database manager coordinates the flow of information between the human 
machine interface (HMI) and the vehicle control system. It was stated that the 
stored data in the route database can be used to optimise fuel consumption or 
driving comfort in later trips along the route. However, in the proposed system 
the method of data acquisition from the sensors was not clear. For example, the 
curvature of the road was obtained from the yaw rate sensor and the vehicle 
velocity, but the techniques of calculations were not clarified. A search 
algorithm was proposed to update the database. As an alternative, neural 
networks can be used to produce an adaptive/self learning database. 
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Efforts in applying look-ahead information in on-board control systems have 
also been made by using the concept of Model Predictive Control (MPC) or 
Receding Horizon Control (RHC). The MPC is a method of control in which 
an open-loop optimal problem is solved at each sampling instant and in a finite 
horizon [92]. The optimisation yields an optimal control sequence. The 
obtained optimal control from this sequence is applied to the plant. This 
approach was taken in Hellstrom et al.’s study [93]. They considered a drive 
mission for a heavy diesel truck. The combination of an on-board road slope 
database with the information of a GPS was applied to extract the road 
geometry ahead. Then, the road look-ahead information was used to obtain the 
power demand in an optimisation formula which is the cost of trip time and 
fuel consumption. The optimisation method benefits from the DP method to 
feed a conventional cruise controller with the new set points (different speed 
depending on the road grade). 
2.3 Summary 
In this chapter, an overview and classification of different methods of control 
and energy management in HEVs was presented. The general idea and 
classification of the existing studies were reviewed and their benefits and 
drawbacks were discussed. A brief overview of the discussion was presented in 
Table 2-2.  
Table 2-2: Outline of discussed approaches in HEVs energy management. 
Method Advantages Disadvantages 
Rule-based Simple, easy-to-use, short 
computation time 
Hard to tune rules, sub-optimal, 
specific rules depend strongly on 
the topology choice 
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Despite the fact that the existing methods of control and energy management 
have improved the fuel efficiency, the effects of in-advance information from 
roads have been considered in a few recent works. Therefore, in this project we 
have shown how real road data can be applied to a PHEV model, and have 
investigated the impact of in-advance knowledge of the road slope on fuel 
economy. This method has not been addressed in the existing studies on the 
energy management system of HEVs. 
The other key innovation explored in this thesis is the method of combining the 
vehicle sensors such as an accelerometer, a speedometer and a GPS to create a 
road grade map in order to be used in look-ahead vehicle energy management 
applications. 
 
Classical Optimisation Handselling none linear 
constraints, can provide 
globally optimal,  
Not robust against disturbances, 
static optimisation, high 
computation burden   
Dynamic Programming Global optimisation, 
handselling none linear 
constraints 
Time-consuming, the future driving 
profile is needed, offline strategy 
Intelligent Control Practical, robust, online 
strategy 
Difficult to obtain expert 
knowledge 
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C H A P T E R  T H R E E  
3 Theoretical Framework and Concepts 
3.1 Outline of Chapter  
In order to understand the energy flow in the HEV power-train, first, this 
chapter describes the applied theories and approximations in the components of 
the HEV power-train. Then, it presents a brief overview of the methods used in 
the HEV energy management system. Based on the described concepts in this 
chapter, the models used in this research work will be developed, simulated 
and discussed in Chapters 4 to 6. 
3.2 Introduction 
A HEV is a complex system consisting of many individual components. When 
the interaction of the vehicle with its environment is considered, it seems hard 
to obtain a model that can precisely describe the entire behaviour of the power-
train. In order to achieve an efficient model, it is necessary to understand how 
the model is accurate, and what level of approximation is acceptable for the 
application. For the study presented in this thesis, different components in the 
power-train must be formulated first. Next, a mathematical description needs to 
be developed to describe the model. The model must be capable of delivering 
the right compromise between accuracy and computational time. These 
objectives can be obtained not only from engineering knowledge and 
ingenuity, but also from experience and intuition. 
 In order to calculate the fuel consumption in a vehicle, most energy 
management techniques rely on mathematical models of the vehicle. To be 
  
58 
able to find an accurate estimation of the fuel consumption, it is not necessary 
to capture all the details in the dynamic behaviour of the power-train. 
3.3 Quasi-Static Modeling of Internal Combustion 
Engine (ICE) 
In general, energy management and optimal solutions depend heavily on 
simulation of HEVs with different power-train configuration and components. 
In order to evaluate the greatest benefit that can be identified via different 
configurations, the control strategy must be adapted to the characteristics of the 
considered components. The ICE and the EM are two major components, and 
the performance of optimisation strategies and energy management systems 
depend on the availability of efficiency maps from these sources. To avoid this 
dependency, scalable models for the efficiency characteristics of component 
sizing are presented in ref. [94].  
The ICE converts the chemical energy of the fuel through an exothermic 
chemical reaction (i.e., combustion) into heat, a part of which is then converted 
into work. In a quasi-static model, the ICE is expressed by the relationship 
between its operating point and fuel consumption. The operating points of an 
engine are defined by engine speed Ȧ and engine torque Tm at the crankshaft. 
In order to explain how the quasi-static model can be obtained from the 
experimental data of engine, a summary of the method is given here. 
If the available power in the fuel is represented by Pch, for each time instant, 
the following relation can be given: 
 ௜ܲ௖௘ǡ௘ ൌ ߱௜௖௘ ௜ܶ௖௘ǡ௘ ൌ ߟሺǤ ሻ ௖ܲ௛ ൌ ߟሺǤ ሻ ሶ݉ ௙ܳ௅ு௏  (3.1) 
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where Pice,e is the ICE effective power, Ȧice is the ICE angular speed, Tice,e is 
the ICE effective torque, Ș(.) is the engine's efficiency, ሶ ୤ is the fuel mass flow 
rate and QLHV [J/g] is the chemical energy of fuel which is defined as “… the 
magnitude of the heat of reaction at constant pressure or at constant volume at 
a standard temperature [usually 25•C (77•F)] for the complete combustion of a 
unit mass of fuel” [95]. Typically, QLHV=42.5 MJ/kg for petrol [96]. 
The engine's efficiency can be approximated by a linear equation between 
torque and fuel mass available in one cycle as follow: 
௜ܶ௖௘ǡ௘ ൌ ݁௜௖௘ ௜ܶ௖௘ǡ௔ െ ௜ܶ௖௘ǡ௟௢௦௦ ൌ ௠ሶ ೑ொಽಹೇఠ೔೎೐ െ ௜ܶ௖௘ǡ௟௢௦௦  (3.2) 
where Tice,a is the available torque with regard to the whole conversion of 
chemical energy to mechanical energy, Tice,loss is the torque loss contributed by 
the friction and other losses [33] and eice is the internal combustion engine. 
Traditionally, ICEs have been characterised using maps that relate torque, 
speed, and fuel consumption. To avoid the sizing effects, the engine speed and 
the torque are substituted by the normalised variables including the mean 
piston speed, cice,m and the mean effective pressures, Pice,me as shown below: 
ܿ௜௖௘ǡ௠ ൌ ௌగ ߱௜௖௘  (3.3) 
௜ܲ௖௘ǡ௠௔ ൌ ସగொಽಹೇ௏೏
௠ሶ ೑
ఠ೔೎೐  (4.4) 
௜ܲ௖௘ǡ௠௘ ൌ ସగ௏೏ ௜ܶ௖௘ǡ௘  (3.5) 
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where S is the engine's stroke in m, and Vd is the engine displacement in m3, 
and Pice,ma is the engine’s theoretically available mean effective pressure. 
Efficiency, Ș, can be written as the following dimensionless definition: 
ߟ ൌ ௣೔೎೐ǡ೘೐௣೔೎೐ǡ೘ೌ  (3.6) 
The input-output equation can be written as: 
௜ܲ௖௘ǡ௠௘ ൌ ݁௜௖௘ ௜ܲ௖௘ǡ௠௔ െ ௜ܲ௖௘ǡ௟௢௦௦  (3.7) 
Then, the mean effective pressure loss can be defined by: 
௜ܲ௖௘ǡ௟௢௦௦ ൌ ସగ௏೏ ௜ܶ௖௘ǡ௟௢௦௦  (3.8) 
The two parameters, eice and Pice,loss are the function of the engine's operating 
speed and pressure. The following relations have been empirically validated on 
different type of engines: 
௜ܲ௖௘ǡ௠௘ ൌ ݁௜௖௘ሺܿ௜௖௘ǡ௠ሻ ௜ܲ௖௘ǡ௠௔ െ ௜ܲ௖௘ǡ௟௢௦௦ሺܿ௜௖௘ǡ௠ሻ  (3.9) 
݁௜௖௘൫ܿ௜௖௘ǡ௠൯ ൌ ݁௜௖௘ǡ଴ ൅ ݁௜௖௘ǡଵܿ௜௖௘ǡ௠ ൅ ݁௜௖௘ǡଵܿ௜௖௘ǡ௠ଶ   (3.10) 
௜ܲ௖௘ǡ௟௢௦௦൫ܿ௜௖௘ǡ௠൯ ൌ ௜ܲ௖௘ǡ௟௢௦௦଴ ൅ ௜ܲ௖௘ǡ௟௢௦௦ଶܿ௜௖௘ǡ௠ଶ   (3.11) 
The wide-open throttle mean effective pressure curve, Pice,max can be obtained 
from the following relation: 
௜ܲ௖௘ǡ௠௔௫ ൌ σ ௜ܲ௖௘ǡ௠௔௫௜ଷ௜ୀ଴ ܿ௜௖௘ǡ௠௜   (3.12) 
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The unknown coefficients eice,i and Pice,lossi are obtained from the empirical 
engine's data. The most frequently used engines in vehicular applications are 
the petrol-fueled spark ignition (SI) and the diesel-fueled compression-ignition 
(CI). A set of coefficients of the engine for both types of engine can be 
obtained through curve fitting and stored for scaling applications. In the 
procedure of scaling, the mean piston speed is calculated with the dimensional 
parameters of the scaled engine. Then for each speed, the efficiency and 
frictional losses are calculated by using the stored scaling coefficients of the 
same engine type, SI or CI. 
This procedure, which is known as "Willans line scaling technique" [97] can be 
applied for scaling fuel consumption models, emission models and efficiency 
maps. This method is fairly accurate and can be used as a representation of the 
ICE efficiency or fuel consumption maps. 
 An example of the representation of Willans line for the ICE is shown by the 
dashed lines in Figure 3.1. 
 
Figure 3.1: A presentation of Willans lines [42]. 
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Consequently, the Willans line gives a quick approach to creating a design 
space suitable for the vehicle configuration and sizing of power-train 
components. Furthermore, using the efficiency maps facilitates vehicle energy 
management systems and optimal control investigations. 
A conceptual outline of the engine model is revealed in Figure 3.2. The model 
is a static model. It means that the crankshaft dynamic and the torque 
oscillations are neglected. 
 
Figure 3.2: Static model of an ICE. 
3.4 Quasi-Static Modelling of Electric Machine (EM) 
The Willans lines technique is not restricted to the machine type so the same 
concept that was mentioned for the ICEs is applicable to the EM. In other 
words, the approach of employing maps of torque and efficiency is valid for 
both electric generator and motor. 
 If the output power of battery presented by Pbatt, the following equation shows 
the efficiency of the EM in each instant of time in the motor operation mode: 
௘ܲ௠ ൌ ௘ܶ௠ǡ௘߱௘௠ ൌ ߟ௘௠ ௕ܲ௔௧௧ ൌ ߟ௘௠ܸܫ (3.13) 
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where Pem is the EM mechanical output power, Tem,e is the EM effective 
torque, Ȧem is angular speed of the EM, Șem is the EM efficiency, V and I are 
the output voltage and the current of the battery respectively. 
Again, using the Willans line concept, the EM input-output relationship can be 
approximated by assuming that an affine relationship exists between effective 
power and input power: 
௘ܲ௠ ൌ ݁௘௠ ௕ܲ௔௧௧ െ ௘ܲ௠ǡ௟௢௦௦  (3.14) 
where Pem,loss is the EM power losses in Watts, and eem is the dimensionless 
EM intrinsic energy conversion efficiency. 
The mean effective pressure for an EM is described as the mean force acting 
on the motor’s rotor divided by the rotor surface, and the mean speed is the 
speed at the rotor surface. Accordingly, by using the normalised variables in 
the mean rotor speed and the mean effective pressure, the following relations 
can be written: 
ܥ௘௠ǡ௠ ൌ ݎ௥߱௘௠  (3.15) 
௘ܲ௠ǡ௠௔ ൌ ௏ூଶ௏ೝఠ೐೘  (3.16) 
௘ܲ௠ǡ௠௘ ൌ ೐்೘ଶ௏ೝ   (3.17) 
ߟ௘௠ ൌ ௉೐೘ǡ೘೐௉೐೘ǡ೘ೌ  (3.18) 
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where Cem,m is the mean speed of rotor in m/s, Pem,ma is the EM theoretically 
available air gap shear stress in Pascal, and Pem,me is the EM actual air gap 
shear stress in Pascal. 
The empirical results have shown that fourth order polynomials can 
demonstrate the behaviour of eem and the EM mean friction pressure as 
follows: 
݁௘௠ ൌ σ ݁௜̴௘௠ସ௜ୀ଴ ܥ௠௜  ሺ͵Ǥͳͻሻ
௠̴ܲ௘௠ ൌ σ ௠ܲ௜̴௘௠ଷ௜ୀ଴ ܥ௠௜  ሺ͵ǤʹͲሻ
where ei_em is the scaling coefficients of the EM intrinsic energy conversion 
efficiency, Pm_em  is the EM mean friction pressure in Pascal, and Pmi_em  is the 
scaling coefficient of the EM mean friction pressure in Pascal. 
This method is reasonably accurate and can be used for the representation of 
the EM efficiency maps. As an example of the representation of Willans lines 
for the EM, an AC 30 kW induction machine scaled from an 83 kW machine is 
shown in Figure 3.3 [94]. 
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Figure 3.3: Scaled Willans line presentation of an EM [94]. 
 An EM in HEVs can act in two modes: generator and motor. In the generator 
mode, the electric power is the output of the machine, and the torque at the 
shaft of the machine is the input. Then, the demand torque (in order to produce 
a known amount of electric power at the output of generator) can be calculated 
as follows: 
 ሺ͵Ǥʹͳሻ
where the efficiency map, Ș(Ȧ,Pelec) is expressed as a function of speed and a 
percentage of the maximum power of the electric machine. 
In the motor mode, the electric power is the input and the mechanical torque is 
the output of the electric machine, then the output torque can be calculated 
from the following equation: 
 ሺ͵Ǥʹʹሻ
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The EM behaviour in the generator mode is usually different from that in the 
motor mode. In practical applications, however, for simplicity, the efficiency 
maps can be considered symmetric about the zero torque line. In the efficiency 
map, the negative torque region is for the generator mode and the positive 
torque region is for the motor mode. 
A conceptual outline of the static model of the electric machine is shown in 
Figure 3.4. The model is a static model. 
 
 
 
Figure 3.4: (a) Generator mode quasi-static model, and (b) motor mode quasi-
static model. 
  
3.5  Torque Converter 
The idea behind a torque converter (TC) is to take the engine rotation and 
provide a diskless coupling to the transmission. In other words, the TC is a 
coupling that transmits motion from the engine to the transmission input shaft 
[98]. The primary function of the TC is torque multiplication of the engine to 
provide sufficient torque and fluid damping to damp torque fluctuations in 
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drive-train. The torque is transmitted through the fluid dynamic forces rather 
than friction or pressure in the mechanical joints. The TC is usually used with 
an automatic transmission. 
In a torque converter, there are three rotating elements: 
1. The impeller (also referred as the TC pump), which is mechanically driven 
by the engine. 
2. The turbine, which is attached to the transmission shaft (load). 
3. The stator, which is connected to the TC housing via a one-way clutch so 
that it can change oil flow returning from the turbine to the impeller. 
In the torque amplification phase, the turbine speed begins to increase under 
the angular momentum of the pump that is transmitted through circulating fluid 
inside the TC. When the ratio of the pump speed to the turbine speed is high, 
the stator remains at rest. This redirects the fluid flowing in the same direction 
as the pump torque such that the resulting output torque of the TC is amplified. 
When the speed of turbine is higher, the stator rotates freely in the same 
direction as that of the pump, and is considered to consume no torque. 
Consequently, in this phase of torque coupling, the turbine torque and the 
pump torque are the same. For the purpose of modeling, a conceptual model of 
the TC based on a torque-speed map is shown in Figure 3.5. 
 
  
68 
 
Figure 3.5: Representation of a torque converter model. 
From the practical point of view, there are three factors that can describe the 
TC: the TC speed ratio, torque ratio and K factor [99, 100]. The related 
equations are as follows: 
ܴܵ ൌ ఠ೟ఠು  (3.23) 
where SR is the speed ratio, Ȧt is the TC turbine speed in rad/s, and Ȧp is the 
TC pump speed in rad/s. 
ܯܴ ൌ ೟்்ು  (3.24) 
where MR is the torque ratio, Tt is the TC turbine torque in N-m, and TP is the 
TC pump speed in N-m. 
The capacity factor, K, which describes the amount of torque that a TC can 
transmit, is defined as: 
ܭ ൌ ఠುඥ்ು  (3.25) 
From the TC performance curves, these parameters can be extracted. Usually, 
the efficiency in the torque multiplication mode is less than 92%. In the 
coupling mode, it is proportional to the speed ratio. The MR and the K factor 
curves can be used to calculate the pump torque, the turbine torque and the 
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turbine speed by setting the pump speed equal to the engine speed. A typical 
torque loss for an over 150 N-m TC is shown in Figure 3.6. The 
correspondence data has been extracted from PSAT, a popular vehicle 
modelling software [119]. 
 
Figure 3.6: TC pump torque loss map. 
Also, there are some analytical models based on curve fitting [101] that can be 
used instead of the map model. 
3.6  Transmission  
A continuously variable transmission (CVT) is a stepless speed reduction 
transmission with infinite number of gear ratios between high and low gear 
ratios. Of these, there are three types of CVTs: mechanical, hydraulic and 
electrical. The mechanical CVT is better than the other two types because of its 
higher efficiency, lower noise level, smaller size and weight and lower cost 
[102]. Several types of mechanical CVTs have been developed, but they have 
become less prominent than variable pulley. The variable pulley could be 
rubber belt, chain or push-belt (and the push-belt CVT). 
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Transmission is a gearing system whose transmission ratio and other 
characteristics such as efficiency may change dynamically. However, for 
simplicity, the implemented model for the transmission is a simple CVT with a 
gear ratio and variable efficiency as shown in Figure 3.7. 
 
Figure 3.7: CVT efficiency map. 
As shown in the Figure 3.7, the efficiency is a function of the transmission 
torque and the rotational speed. It is also different for various transmission 
ratios. The efficiency of the CVT is higher at lower speed, lower ratio, and 
medium torque. The efficiency at any ratio between the specified ratios in 
Figure 3.7 can be obtained by interpolation between the different surfaces. The 
efficiency of a steel-belt CVT can reach 97% [103]. 
Simple explanation of a CVT can be described by (3.26, 3.27 and 3.28) 
formulas. The input-output speed and torque are stated as functions of 
efficiency and transmission ratio: 
  (3.26) 
where rcvt is the transmission ratio, Ȧcvt_out is the transmission output speed in 
rad/s, and Ȧout is the transmission input speed in rad/s. 
  
71 
௖ܶ௩௧̴௢௨௧ ൌ ߟ௖௩௧ ்೎ೡ೟̴೔೙௥೎ೡ೟   (3.27) 
where Tcvt_out is the transmission output torque in N-m, Șcvt is the CVT 
efficiency, and Tcvt_in is the transmission input torque in N-m. 
The power loss is always a positive amount and can be calculated as 
follows: 
௟ܲ௢௦௦ ൌ ߱௜௡ ௖ܶ௩௧̴௜௡ሺͳ െ ߟ௖௩௧ሻ  (3.28) 
3.7  Differential (Final Drive) 
Differential is a gearing system with purely mechanical components and no 
control system. 
A simple model of the final drive only accounts for the speed, torque ratios and 
efficiency. The efficiency considers the losses due to the frictions. A simplified 
representation of a differential considers a constant value for efficiency. Then, 
the related equations are: 
ݎௗ௜௙௙ ൌ ఠ೎ೡ೟̴೚ೠ೟ఠ೏ೞ   (3.29) 
ௗܶ௜௙௙ ൌ ߟௗ௜௙௙ݎௗ௜௙௙ ௖ܶ௩௧̴௢௨௧  (3.30) 
where rdiff is the final drive speed ratio, Ȧds is the drive shaft speed in rad/s, Tdiff 
is the final drive torque in N-m, and Șdiff is the final drive efficiency. 
A more accurate model for final drive can be obtained by considering its 
efficiency as a function of operating condition, i.e., efficiency map indexed 
with speed and load. 
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Similar to the power loss in the transmission, the power loss in the final drive 
is always a positive amount and can be calculated as: 
௟ܲ௢௦௦ ൌ ߱௖௩௧̴௢௨௧ ௖ܶ௩௧̴௢௨௧ሺͳ െ ߟௗ௜௙௙ሻ  (3.31) 
3.8  Wheels and Tyers 
The link between the external environment and the power-train are wheels. A 
wheels model should include the rotation of the wheel, the effect of the forces 
between tyre and the road surface, and the effect of the brakes. A conceptual 
model of the wheels is shown in Figure 3.8. 
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Figure 3.8: Wheel and tyre model based on the force-slip map. 
A simple model for the wheel and tyre is the quasi-static model which is called 
a "perfect rolling" model. In this model, shaft flexibility is modelled as lumped 
compliance, and the torque applied to the driveshaft is completely transformed 
into tractive force. In other words, the tyre deformation is neglected and wheel 
slip and relaxation length are not taken into account. 
In order to find a more precise model in comparison with the quasi-static 
model, the dynamic response time of the tyre can be approximated with a first 
order delay system, in which the maximum force generated at the interface 
  
73 
between tyre and road surface is proportional to the vertical load on the wheels. 
The brakes are modeled as an extra torque that lessens the net torque acting on 
the tyre. The brake torque is proportional to the pressure on the brake pedal. 
This pressure is presented with a normalised signal. Therefore the total torque 
acting on the wheel can be written as: 
௪ܶ௛ ൌ ௦ܶ௛௔௙௧ െ ௕ܶ௥௔௞௘  (3.32) 
and 
 ௕ܶ௥௔௞௘ ൌ ߩ ௕̴ܶ௠௔௫  (3.33) 
where Twh is the wheel torque in N-m, Tshaft is the driveshaft torque in N-m, 
Tbrake is the brake torque in N-m, ȡ is the brake signal varying between 0 and 1, 
and Tb_max is the maximum available braking torque in N-m. 
The generated effective tractive force can be written as: 
ܨ௫ ൌ ଵଵାఛ௦
்ೢ೓
ோ೐   (3.34) 
where Fx is the longitudinal force in N, Re is the wheel effective radius in m, Ĳ 
is the time constant (the delay between torque and force) in seconds, and s is 
the Laplace variable. 
The wheel rotational speed is written as: 
߱௪௛ ൌ ௏ೡ೐೓ோ೐   (3.35)  
where Vveh is the longitudinal speed in m/s. 
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3.9  Electric Storage System (Battery) 
The electric storage systems (ESS) used in HEVs may include batteries and 
super-capacitors. Since batteries are used in our modeled HEV, this subsection 
will outline the RC model of the battery. A general block diagram of the ESS is 
shown in Figure 3.9. 
 
Figure 3.9: Conceptual model of the energy storage system. 
A battery can be characterised by the SOC, voltage, current and temperature. 
These parameters are dynamically related to each other in a highly non-linear 
manner. Because of this, developing an accurate model of the battery is not 
easy. However, a model of a battery is needed to predict the change in the SOC 
based on the electrical load. Prior to taking into account the suggested model of 
the battery, the important parameters of the battery are defined here. 
The SOC is defined as the amount of charge stored in the battery at the total 
charge capacity, and mathematically can be written as: 
ܱܵܥሺݐሻ ൌ ߰ሺݐሻ ൌ ׬ ௜ሺఛሻௗఛ
೟
బ
ொ್ೌ೟೟   (3.36) 
where Qbatt is the charge capacity of the battery. In other words, it is the 
amount of the charge that battery can accept. ׬ ݅ሺ߬ሻ݀߬௧଴  is the actual amount of 
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charge stored in the battery. Using the given current, the calculation of the 
SOC seems straightforward. However, in a real system, the battery capacity is 
changing according to several parameters, primarily the current magnitude and 
the age of the battery. The effects of these parameters over a long period of 
time are noticeable, but in order to simplify the model in the short term, they 
can be neglected or the parameters can be manipulated. For example, the effect 
of an aged battery can be considered by reducing the value of the capacity. 
A simple battery model is a RC model as shown in Figure 3.10. This model of 
the battery was first applied in ADVISOR, vehicle simulation software [104]. 
In this model, the power is used as an input and the battery operation is limited 
to the high and low voltage limits. 
 
Figure 3.10: RC model of battery [105]. 
In the circuit shown in the figure, the capacitor Cb represents the ample 
capability of the battery to store chemical charge. Cc is a small capacitor and 
"mostly represents the surface effects of a spiral-wound cell, e.g. the limiting 
behaviour of a battery to deliver current based on time constants associated 
with the diffusion of materials and chemical reactions" [104]. 
The related state equations for this RC circuit are given in the following: 
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ሾ ௢ܸሿ ൌ ቂ ோ೎ሺோ೐ାோ೎ሻ
ோ೐
ሺோ೐ାோ೎ሻቃ ൤
௖ܸ௕
஼ܸ௖
൨ ൅ ቂെܴ௧ ିோ೎ோ೐ሺோ೐ାோ೎ሻቃ ሾܫ௦ሿ  (3.38) 
where RT and Cb are the resistance and the capacitance of the battery. Re, Rc 
and Cc represent the series and parallel resistance and capacitance. As it is 
presented in Figure 3.10, the resistors and capacitors are functions of T, the 
battery temperature, and the SOC. The state vector, x, represents the voltages 
across the capacitors. The input is the current of the battery, and the output VO 
is the voltage across the battery's terminals. 
3.10 Driver 
The driver determines the position of accelerator and brake pedals. Based on 
these positions, the vehicle tracks a speed profile. The driver can be modeled 
based on drive cycles by a PID controller [105]. The PID controller provides 
positive signals or negative signals. The positive signals stand for acceleration, 
and the negative signals for braking. 
3.11 Vehicle Dynamics 
Vehicle dynamics can be represented by the longitudinal motion of the vehicle. 
Newton's second law is applied to show the moving vehicle. The longitudinal 
forces on a vehicle are expressed as acceleration, rolling, gravitational and 
drag. They are shown in Figure 3.11. 
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Figure 3.11: Longitudinal forces acting on a vehicle.  
The longitudinal forces on a vehicle are as follows: 
 
ܨ௔௖௖௘௟ሺݐሻ ൌ ܯݒሶሺݐሻ  (3.39) 
ܨ௥௢௟௟ሺݐሻ ൌ  ܿ௥௥ܯ݃ܥ݋ݏߙ  (3.40) 
ܨ௚௥௩ሺݐሻ ൌ ܯ݃ܵ݅݊ߙ  (3.41) 
ܨௗ௥௚ሺݐሻ ൌ  ଵଶ ܿ஽ܣߩሾݒሺݐሻ ൅ ݒ௪ሺݐሻሿଶ  (3.42) 
In the above equations, Faccel is the acceleration force, Froll represents the 
difference between the forward friction forces and the backward rolling 
resistances on the tyres with Crr being the rolling coefficient, Fgrv represents the 
component of the gravitational force in the x-direction which is resistive when 
traveling uphill and tractive when moving downhill, CD is the drag coefficient, 
and vw is the wind velocity. 
Therefore, considering the vehicle as a moving solid body, the net traction 
force (Ftr) is equal to the sum of the above longitudinal forces, i.e.: 
ܨ௧௥ ൌ ܯݒሶሺݐሻ ൅ ܥ௥௥ܯ݃ܥ݋ݏߙ ൅ܯ݃ܵ݅݊ߙ ൅ ଵଶܥ஽ܣߩሺݒሺݐሻ ൅ ݒ௪ሺݐሻሻଶ  (3.43) 
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The equations of longitudinal forces describe the dynamics of the vehicle, and 
the net traction force that is given by Equation (3.43) pushes the vehicle 
forward. 
3.12 Controller 
The control in a vehicle can be defined at two levels, component controllers 
(CCs) and supervisory/coordinate controllers (SCs). In HEVs, the SC decides 
the contribution of power at each time instant by the accessible energy sources 
in the vehicle. The CCs acquire their set points from the SC or by the driver 
commands. In this study, the term SC and energy management system (EMS) 
are assumed to be synonyms. 
The EMS is also applicable to conventional vehicles. In modern vehicles, a 
significant amount of electric power is consumed, and the trends show, it shall 
increase in the future. By taking into account the efficient performance of the 
energy converting components such as the ICE, the alternator and the battery, 
energy losses can be minimised. Consequently, the overall vehicle performance 
from the point of fuel economy will be improved [106, 107]. In vehicles, the 
desired speed is controlled via brake and accelerator pedals. The driver’s 
desired cruise will be translated into action by low-level controllers on 
different parts. For instance, based on the position of the accelerator, the engine 
control unit (ECU) decides the amount of fuel to be injected and the command 
sends to the fuel actuator. Based on the vehicle speed and engine states, in an 
automatic transmission, the suitable gear shift will be selected by transmission 
controller. However, when the interactions with the environment and accessory 
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loads are taken into account, an energy management system is advantageous in 
order to improve fuel economy. Such a system coordinates the loads by taking 
into consideration the efficient operation of the components such as the ICE, 
alternator and battery. 
In HEVs, since there are two sources of energy, there is a decision that must be 
taken into account: how much energy each of the sources can deliver? This 
decision depends on the objectives of the optimisation problem. Usually goals 
are fuel economy, reduced pollutant emissions or a compromise among these 
goals. In order for presenting the EMS in HEVs, a conceptual view of it and its 
interactions with the other components in HEVs is shown in Figure 3.12. 
Online Data
 Road grade
Wind speed
 Temperature
Look-ahead Data
In advance information
Road geometry ahead  
including slopes and bends
 Speed limits
 Traffic situation
 Distance to object ahead
 
Figure 3.12: Conceptual view of the EMS in HEVs. 
Based on the desired speed, accessory loads and the road data such as slope 
and wind, the total power request can be determined. In order for the 
prescribed speed profile to be followed, the EM and/or the ICE must deliver 
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the supplied power. Then, the EMS decides how to allocate the total power 
between the rechargeable ESS and the ICE. 
As described in Chapter 2, there are many ways to implement the EMS. An 
HEV has a complex, non-linear and time-varying model and the methods of 
classical control particularly from the standpoint of calculation burden are 
difficult to be employed in HEVs' EMS. In other words, a HEV is a multi-
input-multi-output (MIMO) system. Classical control methods are not a 
powerful means in addressing the control solutions of the MIMO systems. An 
appropriate and powerful approach in controlling of these systems is intelligent 
control. There are principally three ways that intelligent control overcomes the 
complexity of the model. The first is that it may "learn" to control a system 
using methods such as neural networks and genetic algorithms. In this 
circumstance, it does not require an explicit model of the plant. The second is 
that it can convert the complex systems with simple models, such as describing 
a system in linguistic words, and using this description to produce a controller 
by means of "fuzzy logic". The third is that when an imprecise model of a plant 
is in hand, the techniques from "artificial intelligence" can be applied to 
overcome the related uncertainty. 
As fuzzy controller and genetic algorithm (GA) are used in the EMS in this 
thesis, a brief explanation of these approaches is presented in the following 
subsections. 
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3.12.1 Fuzzy Logic and Fuzzy Controller 
Fuzzy control is a control method based on fuzzy logic. A simple description 
of fuzzy logic is "computing with words rather than numbers" and a simple 
description for fuzzy control is "control with sentences rather than equations" 
[108]. Since a fuzzy controller can comprise empirical rules, it becomes a 
useful means in operator controlled plants. As an example, a single output 
fuzzy controller as a substitute of a PID controller can be developed using the 
following rules:  
1. If error is negative and slope of error is negative then output is negative big 
2. If error is negative and change in error is zero then output is negative 
medium  
The set of rules creates a rule base. The rules are in the form of IF-THEN 
where the IF part is called premise and the THEN part is called conclusion. 
The characteristics of a fuzzy controller from the standpoint of structure is 
illustrated in Figure 3.13. 
 
Figure 3.13: Structure of a fuzzy controller. 
In most applications, the inputs are numerical or crisp measurements from the 
measuring devices. In the pre-processor, the measurement is conditioned, for 
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instance it is normalised or scaled into a particular standard range or filtered to 
remove noise. 
In the fuzzifier block, each input is converted to a fuzzy quantity by a lookup 
in membership functions. Therefore, the input data is matched with the rules in 
order to find out how much the condition of each rule matches with that 
particular input instance. For each rule, the inference engine finds the 
membership values in the condition part of the rule. The results from the fuzzy 
set must be converted to a crisp amount in order to be sent to the actuator as a 
control signal. If the outputs need to be converted to a standard form, this can 
be performed in the post-processing unit. More details about fuzzy logic and 
fuzzy control can be found in ref. [109, 110]. 
3.12.2 Optimisation with Genetic Algorithm 
Genetic algorithm, similar to any other optimisation algorithms, is defined by 
determining minimization variables, the cost function, the cost and the 
constraints, and it ends by testing for convergence. The canonical GA was 
developed by Holland [111]. It is described by binary illustration of individual 
solutions, crossover and mutation operators, and a proportional selection rule. 
A schematic of the canonical GA components is shown as a flowchart in 
Figure 3.14. 
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Figure 3.14: Flowchart of a standard procedure for the GA. 
After defining the problem and the related parameters, the first thing to do is 
the selection of population and code for a solution. The coding is termed 
chromosome in the GA literature and can be described by a string of binary 
numbers, {0,1}. The components of the chromosome are then labeled as gens, 
and their number (bits) in a chromosome depends on the problem. Then, the 
parameters (presented in the chromosome) will be evaluated in a fitness 
function by finding the cost in comparison with the criterion. The next step is 
to modify the parameters by finding appropriate values in the selection criteria. 
Survival of the fittest translates into discarding the chromosomes with the 
highest cost. First, the costs and associated chromosomes are ranked from the 
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lowest cost to the highest cost. Then, only the chromosomes with the lower 
cost are selected to continue, while the others are discarded. 
In order to generate new chromosomes, two operators can be implemented: 
crossover and mutation. The crossover is a random operator in the GA and its 
function is to generate new or "child" chromosomes from two "parent" 
chromosomes by combining the gens extracted from the parents. The mutation 
is another operator which operates independently on each individual member 
by probabilistically perturbing each bit string. The new chromosome will be 
evaluated with its fitness until the optimisation condition is fulfilled and the 
best individuals are found. 
3.12 Summary 
Managing energy in vehicles requires appropriate models of vehicles. The 
theoretical background of the applied model was presented in this chapter. The 
considered model has the goal of accurate energy analysis and fuel 
consumption measurement in a HEV while maintaining a fast execution time. 
It is a quasi-static model for fuel consumption minimization. The quasi-static 
model describes energy losses in the power-train, and is adequate for 
estimating the vehicle fuel consumption. In the quasi-static model, energy 
losses are generally described with efficiency coefficient or map. 
In order to model the vehicle electrical energy storage system, an RC model is 
used. In this model, the circuit elements such as capacitors and resistors vary 
based on the SOC and the temperature of the battery. These variables are 
available for different models of batteries. For the modelled battery in this 
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thesis, this information is extracted from the existing models in ADVISOR, a 
popular vehicle modelling software. 
Among the control strategies, a fuzzy controller which is a practical approach 
for online applications was explained. The GA optimisation method for the 
best speed profile during a trajectory was described.  
In order to investigate different configuration of the vehicle power-train from 
the standpoint of energy consumption, and explore a power-train that is less 
sensitive to the variation of the road load, the next chapter will present a drive 
cycle analysis for various power-trains. Different configurations such as 
conventional, series hybrid, parallel hybrid and series-parallel are modelled. 
Then, the energy consumption under different load conditions is considered. 
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C H A P T E R  F O U R  
4 Modeling and Performance Analysis of 
Hybrid Electric Vehicles 
4.1 Outline of Chapter  
This chapter presents an overview of vehicles ranging from conventional to 
hybrid, and an evaluation of their performance from the standpoint of energy 
consumption.  
4.2 Introduction 
The energy efficiency in vehicles can be investigated in two ways: (i) 
improvement of fuel production process and fuel distribution system (well-to-
tank efficiency-WTTE), and (ii) improvement of vehicles themselves (tank-to-
wheel efficiency-TTWE). Without considering the plug-in HEVs, 
improvements in “tank-to-wheels efficiency directly correspond to 
improvements in well-to-wheels efficiency” [112]. Table 4-1 shows the 
efficiencies in two categories of vehicles. It reveals the importance of the 
TTWE and its impact on total efficiency. 
Table 4-1: Fuel efficiency of different vehicle configurations [113] 
 WTTE% TTWE% Total Efficiency 
Conventional cars in average 88 16 14 
Different HEVs in average 88 37 32 
 
Simulation and computer modelling can be employed to reduce the cost of a 
product from design to prototyping and mass production. The interest in HEVs 
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has enabled the development of a number of simulation software programs 
such as simple electric vehicle simulation (SIMPLEV) [114] by the DOE’s 
Idaho National Laboratory, MARVEL and PSAT by Argonne National 
Laboratory, CarSim by AeroVironment Inc., JANUS by Durham University, 
ADVISOR by the DOE’s National Renewable Energy Laboratory, Vehicle 
Mission Simulator [115], and others [116]. Among these software tools, PSAT 
and ADVISOR are more popular than the others. PSAT is a look forward 
simulator. It allows the user to model more than 200 predefined power-trains 
including conventional, pure electric, fuel cell and all types of HEVs. The 
features such as control strategies including the propelling, breaking, and 
shifting strategies make it more accurate to predict the fuel economy and 
vehicle performance. To determine the configuration of HEVs that is more 
appropriate for city driving, and the configuration that is more suitable for 
highway driving, a number of modelling and simulation studies are presented 
in this chapter. As the variation of the road load and the traffic conditions 
affect on the control strategies of HEVs, the main contribution of this chapter 
is to find the power-train that it is less sensitive to the load variation.  
A drive cycle analysis of the HEV power-train configuration is presented in the 
following section. Based on fuel economy and emissions, a trade-off between 
the conventional, series hybrid, parallel hybrid, and series-parallel hybrid 
vehicles is drawn. The operational characteristics of the conventional and 
hybrid electric vehicles are evaluated from the standpoint of fuel economy and 
emissions. To achieve this, models are formed for the conventional, series 
hybrid, parallel hybrid, and series-parallel hybrid vehicles. Then, the models 
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are simulated for fuel consumption, power-train average efficiency, and 
emissions using drive cycles containing target speeds in predefined patterns. 
4.3 Drive Cycles 
As described in Chapter 1, the benefits from HEVs depend on how they are 
used. The hybridization includes the advantages that are obtained from 
recovering potential and kinetic energy. In order to design a vehicle and 
investigate its energy efficiency, particularly a HEV, it is important to analyze 
the vehicle's loads, and intended drive cycles. 
A drive cycle presents the road attributes and the way a vehicle is driven 
during a trip. A simple drive cycle includes a sequence of different speeds and 
road grades. The drive cycle in combination with certain vehicle characteristics 
define the road load. The road load determines the power that the vehicle needs 
to exchange with the road during the drive cycle. There are several terms that 
are included in the road load: 
- The force required to accelerate the vehicle (inertia); 
- The force needed to defeat the slope of the road (grade force); 
- The force required to overcome the rolling resistance; 
- The force required to overwhelm the drag (aerodynamic drag). 
The above terms are function of both the drive cycle (speed, acceleration, 
grade), and the vehicle characteristics such as mass, frontal area, drag 
coefficients, and rolling resistance. Hence, the vehicle performance from the 
standpoint of fuel consumption and emissions can be referred to as a specific 
drive cycle. In other words, in order to evaluate the fuel consumption of 
vehicles, and to facilitate a reliable way for comparison purposes, having a 
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standard method is essential. This requirement leads to the introduction of a 
number of standard drive cycles. Accordingly, the vehicles sold to costumers 
or modelled theoretically can be evaluated by using one or more of these 
standard drive cycles. There are some organizations in different countries 
responsible for regulating the standard drive cycles. For instance, in the US, the 
EPA (Environmental Protection Agency) [117] performs the described task. As 
examples, some standard drive cycles are presented in Figure 4.1 and explained 
in the following paragraphs. 
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Figure 4.1: Speed profile of standard drive cycles, (a) ECE, (b) HWFET, (c) 
UDDS, (d) EUDC, (e) US06 and (f) NDEC. 
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- Elementary Urban Cycle (ECE) is an urban drive cycle, which is 
characterised by low speed and low engine load (see Figure 4.1 (a)). 
- Highway Fuel Economy Driving Schedule (HWFET or FHDS) 
represents highway-driving conditions under 100 km/h for light duty 
vehicles testing (see Figure 4.1 (b)). 
- US EPA Urban Driving Schedule (UDDS), also called FUDS, 
represents city driving conditions, and used for light duty vehicles 
testing (see Figure 4.1 (c)). 
- Extra Urban Cycle (EUDC) is an auxiliary to the ECE drive cycle (see 
Figure 4.1(d)). 
- US06 is a high acceleration aggressive driving schedule that is often 
identified as the "supplemental FTP" driving schedule (see Figure 4.1 
(e)). 
- NEDC is a European drive cycle (see Figure 4.1 (f)). 
These drive cycles are used to describe various driving modes in different 
regions. Some of them were developed to evaluate the statistical flow of traffic 
in urban areas. In contrast, there exist some drive cycles which consider rural 
or cross-country driving. In order to reproduce the vehicle speed in real roads, 
some of them have been recently updated to better suit modern vehicles. 
However, because of the acceleration levels being different from the 
capabilities of modern vehicles, and also because these drive cycles do not take 
into account the air conditioning load, the obtained values of fuel economies 
can be higher than those from the real-world driving conditions. Even with the 
recent improvements in updating the standard drive cycles, they should be 
considered as a comparison tool rather than a prediction tool. Since each car 
 92 
has a different usage pattern, and due to the existence of a variety of driving 
styles, it is not possible to predict how a vehicle will be driven. Therefore, to 
facilitate more realistic estimation of real-world fuel consumption and 
emissions for a specific vehicle, vehicle manufacturers may develop their own 
testing cycles. Since, here different configurations have been considered to 
compare under different loads, using the standard drive cycles are sufficient. In 
other words, in this chapter the drive cycles have been implemented as 
evaluation means rather than directories for power-train design. 
Correspondingly, to investigate the fuel economy and emissions factors, for the 
conventional power-train and different HEV configurations, two frequent drive 
cycles that are used for light duty vehicles testing are employed in this work: a 
highway (HWFET) and an urban (UDDS) drive cycle.  
4.4 Modeling of Conventional and Hybrid Electric 
Vehicles  
In a vehicle, it is difficult to predict the relations among different internal 
components because of the dynamic interactions among the components and 
the components’ complex nature. Usually, prototyping and testing each design 
combination is expensive and time intensive. Therefore, modelling and 
simulation are crucial for concept assessment, virtual prototyping, and 
analysing conventional and hybrid vehicles. 
Simulation and modelling tools model vehicle components in different level of 
details [116, 118]. Modeling based on time scale can be divided into static, 
quasi-static, low-frequency dynamic, high-frequency dynamic and detailed 
physics. Power-train System Analysis Toolkit (PSAT) [119], which is used for 
the evaluation of different power-train configurations in this chapter, is 
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considered as a quasi-static vehicle modeling software. It can be used to 
evaluate fuel economy, performance and emissions of conventional, pure 
electric, hybrid electric, and hybrid electric fuel cell. Furthermore, PSAT is 
designed to connect to other simulation tools with the aid of PSAT-PRO in 
order to be used as a hardware-in-the-loop/software-in-the-loop testing 
program. Combined with this facility, it can be considered as a low-frequency 
dynamic vehicle modeling software as well.  
Vehicle drive-train efficiency is considered as an acceptable measurement to 
evaluate and analyse the fuel economy among different types of drive-train 
configurations [120]. There are two approaches to obtained the fuel efficiency 
of a drive-train. The first method concentrates on the losses in different parts of 
vehicle. On the other hand, there exist a few methods that focus on the effects 
of the different parameters of the drive-train and control strategies on fuel 
economy. To evaluate the fuel efficiencies, here the first approach is 
considered and in the proceeding chapters, the focus is on the control 
strategies.  
Efficiency studies are carried out for conventional, series hybrid, parallel 
hybrid, and series-parallel hybrid vehicles. Each component corresponds to an 
actual vehicle. As the aim of this section is to evaluate different power-train 
configurations from the standpoint of efficiency in city and highway driving, 
the consumed power of electrical accessories is considered zero for the 
different configurations. In order to have a fair efficiency comparison, some 
parameters that directly affect fuel consumption, such as vehicle mass, engine 
power, motor power and drive-train parameters are considered to be almost 
identical. Also, HEVs may utilize a variety of strategies to control the use of 
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engine, battery, and electric motor in powering the vehicle that can result in 
different fuel economy. In order to obtain equal situations, a charge-depleting 
control strategy is considered for various types of HEVs. Taking into account 
the above principles, the initial values and other assumptions for the modeled 
conventional and hybrid vehicles are listed in Table 4-2. 
Table 4-2: Initial values and assumptions. 
Description Conventional Series Parallel Series-Parallel 
Engine type Si Si Si Si 
IC Engine Power – kW 107 100.52 90 90 
Electric Motor #1 Peak Power-kW - 150 32.26 50 
Electric Motor#1Cont Power – kW - 81.32 16.13 25 
Electric Motor #2 Peak Power-kW - - - 15.39 
Electric Motor#2Cont Power – kW - - - 7.695 
Engine Torque Max – Nm 250 265 165 165 
Gearbox Manual         
(5 speed) 
- Manual        
(5 speed) 
Manual            
(5 speed) 
Final Drive Ratio 3.73 3.55 4.44 3.77 
Vehicle Mass (kg) 1571 1800 1678 1700 
Fuel Heating Value kJ/kg 43000000 43000000 43000000 43000000 
Fuel Density kg/m3 0.749 0.749 0.749 0.749 
Vehicle Frontal area (A)-m2 2.18 2.25 2.25 2.06 
Vehicle Drag Coeff. (CD) 0.3 0.41 0.3 0.31 
Tire Rolling Res. (Crr) 0.007 0.009 0.008 0.007 
Wheel Radius (m) 0.29 0.348 0.365 0.290 
Engine Max Eff. 0.359 0.365 0.365 0.365 
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With the specified component characteristics, the drive-train configuration is 
the next step of modelling. Here four configurations are taken into 
consideration; conventional, series hybrid, parallel hybrid and series-parallel 
hybrid. The arrangement of the configurations was described in Chapter One 
and here as an example. The block diagram, which describes the parallel 
hybrid model, is shown in Figure 4.2. The detail of programming and 
modelling in PSAT is out of the scope of this thesis, and the reader is referred 
to the PSAT programming manual [119]. Here, our focus is on the results and 
associated discussions.  
 
Figure 4.2: The modeled parallel hybrid power-train configuration. 
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In the model, the components such as the ICE, the EM, mechanical 
accessories, transmission and wheels are considered as modules. This 
modularity in the model facilitates the relationship between the vehicle 
components. There is a common format for the components. Each component 
has the same input and output parameters. For each module, there is an input 
from the controller, for instance, engine on/off command or gearshift number 
in transmission block. There is an output from each module. This output is 
used in power-train controller as well as for post-processing. The second port 
(input and output) carry the effort such as voltage in electrical parts and torque 
in mechanical parts. The last port carries the flow, for instance current or 
speed. The driver block is used to model the accelerator and brake pedals. 
Through the driver block, the power traction demand is imposed on the model. 
The desired vehicle speed is compared with the actual speed, and a PI 
controller is used to request more or less torque for the vehicle. The control 
block supervises the components such that the demand can be guaranteed by 
the entire power-train. The driver demand in vehicle simulation tools is 
determined by “drive cycle” which specifies the speed in a predefined pattern. 
4.5 Drive Cycle Analysis 
In order to study the behaviour of different power-train configurations, and 
compare the efficiencies of the conventional vehicles and HEVs in city and 
highway driving, two drive cycles are considered: UDDS and HWFET. 
4.5.1 Evaluation of the Fuel Efficiency of the Conventional 
Vehicle 
For an ICE, the optimal operating points on the torque-speed plane can be 
based on the maximum fuel efficiency, reduced emissions, or a compromise 
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between them. In this study, maximum fuel efficiency is considered. The 
corresponding optimal operating points constitute an optimal operating region 
on the torque-speed plane. In contrast, in the region of low speeds and low 
torques, the fuel efficiency is very low. In a conventional vehicle, the produced 
torque and speed of an ICE depend on the driver demand (drive cycle), and the 
only control is on the gear ratio. Accordingly, it cannot work in an efficient 
region at all times. 
In the conventional vehicle in higher speeds around highways speeds, the 
engine and the power-train run more efficiently. The performance of the ICE is 
demonstrated in Figure 4.3 by the density of operating points on the torque-
speed map. 
 
Figure 4.3: Density plot of conventional engine operating points in the 
HWFET drive cycle. 
Applying the HWFET drive cycle, the distribution of the torque can be 
approximated as the normal distribution, and the concentration of the torque is 
between 40-80 N-m. The engine's speeds focus between 170 and 230 rad/s 
through the control of gear ratio. The distributions of the engine torque and 
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speed on the engine efficiency map for the HWFET drive cycle are shown as a 
histogram in Figure 4.4. Taking into account the engine speed and torque, the 
operating points are distributed around an efficient area on the efficiency map 
of the engine as shown in dark red in Figure 4.3. 
 
Figure 4.4: Conventional engine (a) torques and (b) speed histogram for the 
HWFET drive cycle. 
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To display the variation of the torque and the speed of the engine, and in order 
to show the correlation of the engine torque and the road load, the engine speed 
and torque are shown on one diagram together with the drive cycle in Figure 
4.5. 
 
Figure 4.5: Vehicle speed, engine speed and torque versus time for the 
HWFET drive cycle. 
As the torque and speed are not deviated in a large region, the efficiency of the 
engine is more concentrated around 32% as shown in the histograms obtained 
from the engine efficiency (Figure 4.6). 
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Figure 4.6: Engine efficiency distribution histogram for the HWFET drive 
cycle. 
The simulation under the UDDS drive cycle, which is a stop-go city drive 
cycle, is also carried out. The results of the simulation associated with the 
performance of the engine are displayed in Figure 4.7 through the density of 
the operating points on the torque-speed map. 
 
Figure 4.7: Density plot of the conventional engine operating points for the 
UDDS drive cycle. 
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As can be seen from the operating points on the efficiency map, Figure 4.7, the 
operating points are more concentrated in the inefficient area compared to the 
simulation under the HWFET drive cycle. In order to clarify the situation, the 
engine torques and speeds distributions are shown in Figure 4.8 (a) and (b). 
From the figure, it can be seen that the torque is distributed more on the low 
efficient regions of the engine efficiency map. The gear ratios attempt to 
maintain the engine rotational speed in an efficient state. However, this is not 
possible for all the demand speeds, mainly low speeds demand. 
 
(a) 
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(b) 
Figure 4.8: Conventional engine (a) torques and (b) speed histograms for the 
UDDS drive cycle. 
To represent this, the speed, the engine rotational speed and torque versus time 
are shown in Figure 4.9. 
 
Figure 4.9: Conventional vehicle speed, engine speed, and torque versus time 
for the UDDS drive cycle. 
The average efficiency shows over 7% decline in the stop-go city driving. The 
variation of the efficiency and its distribution are shown in Figure 4.10. 
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(a) 
 
Figure 4.10: (a) Conventional vehicle speed and engine efficiency versus time, 
and (b) engine efficiency distribution histogram for the UDDS drive cycle 
A conventional vehicle uses its engine to convert fuel energy into shaft power. 
Then, the power is directed through the drive-train to turn the wheels. A 
significant amount of energy is lost along the way. For example, within the 
engine, the losses are due to the created friction of moving parts such as 
pistons, crankshaft and valves. The engine has "theoretical efficiency limits" 
(from the efficiency map with a maximum limit around 36%) and also some 
heat is lost through cylinder walls. Consequently, much of the heat generated 
by combustion cannot be converted to work, and is thus wasted. 
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During braking, when the engine is experiencing negative load and with the 
engine at idle speed, the engine still burns fuel. Also, the engine is sized to 
provide very high levels of peak power for the acceleration capability (possibly 
10 times the power required to cruise). Then again, larger engine sizes 
increases the amount of fuel needed to keep the engine operating when the 
vehicle is stopped or during braking. Due to the added weight of the engine, 
the rolling resistance and the inertial losses will be increased. Different gear 
ratios allow the engine to operate within a fairly narrow speed regime across 
the range of vehicle speeds, allowing the engine to stay in the most efficient 
parts of the engine map most of the times. This matter in the case of fewer 
gears augments the cost of losses in the transmission itself. 
Accordingly, considering the overall losses in the power-train, the total 
efficiency is around 20% on the highway drive cycle when idling losses are at 
a minimum, braking loss is occasional, and gear shifting is infrequent. Within 
urban drive cycle, braking and idling losses are extremely high and even higher 
in more congested driving conditions, for example, during a traffic jam. 
Although the emissions in conventional vehicles are controlled effectively by 
using a fuel-injection system and catalysts in the exhaust system, they are still 
significant contributors to pollutant emissions. The simulation results also 
revealed that the conventional vehicles’ performance from the standpoint of 
fuel consumption is highly dependent on the road load. In order to lessen the 
load dependency and enhance total efficiency, HEVs can be considered as the 
appropriate alternative to conventional vehicles. 
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4.5.2 Evaluation of the Fuel Efficiency of a SHEV 
Due to the existence of electric motor in HEVs, the load can be balanced and 
the ICE can be commanded to work near its optimal operating region. Also, the 
EM is reversible and can produce a negative torque. In other words, the EM 
can replace the brakes with the benefit of acting like a generator to produce 
electric energy (regenerative braking). In practice, due to the limitation of the 
EM (in term of torque or power peak) and the batteries, only a fraction of the 
energy can be regenerated. In addition, both the configuration of power-train 
and the road load (cycle) can affect the amount of regenerated energy. In other 
words, similar to a conventional vehicle, which is more efficient in highway 
driving, some hybrid configurations can perform better in city driving; in 
contrast, some hybrid configurations are more efficient in highway driving. In 
order to compare the benefits from different configurations, the two drive 
cycles (UDDS and HWFET) are again considered. With a basic control 
strategy (charge-depleting), the simulations are carried out. For the SHEV, the 
density of operating points on the torque-speed map with the contours of 
efficiencies under the road load (HWFET) is presented in Figure 4.11. 
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Figure 4.11: Density plot of the series hybrid engine operating points for the 
HWFET drive cycle. 
From Figure 4.11, it can be seen that the engine runs fairly near its efficient 
areas (the graph reveals the dense points around the efficient regions on the 
map). Because the engine torque can be controlled to operate around the 
efficient areas, the obtained results are better than those achieved for the 
conventional vehicle. To clarify this, the ICE torque distribution is presented in 
a histogram in Figure 4.12. As the torque and speed do not deviate largely in 
highway driving, via the flexibility provided by the EM, the efficiency of the 
engine is confined to remain between 25% and 34% as shown in Figure 4.13. 
From the histograms, it can be concluded that there is not a considerable 
benefit from a SHEV configuration in highway driving. In other words, with a 
constant speed on a flat road, there would be no advantage from SHEVs, and 
even they may consume more fuel than their conventional counterparts. 
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Figure 4.12: Series hybrid engine torque distribution for the HWFET drive 
cycle. 
 
Figure 4.13: Series hybrid engine efficiency distribution for the HWFET drive 
cycle. 
However, there still exists the potential of energy saving. In practice, as it is 
shown in the HWFET drive cycle, there are some variations in speed that can 
present negative torques. This provides the possibility of producing 
recoverable energy. Then, a portion of this energy can be regenerated as 
presented in Figure 4.14. 
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Figure 4.14: Recoverable power, and regenerative braking power for the 
HWFET drive cycle. 
In the SHEVs, the engine is disconnected from the wheels. This feature gives 
great freedom in choosing the load and speed. Also, it can avoid some of the 
energy losses associated with low speed and low torque operating points. In 
other words, with respect to the SOC of battery, when the engine works in the 
low efficient region (low speed and/or low torque), the vehicle can benefit 
from the electric only propulsion as shown in Figure 4.15. 
 
(a) 
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(b) 
Figure 4.15: (a) SHEV speed and engine ON during charging and discharging 
vs. time, and (b) engine ON time distribution histogram for the HWFET drive 
cycle. 
On the down side, because there are always two energy conversions 
(mechanical to electrical in the generator, and electrical to mechanical in the 
motor), there is a significant amount of loss in a SHEV, particularly, in 
highway driving. The outline of different losses at each part of the series 
hybrid under the highway drive cycle is revealed in Figure 14.16. 
 
Figure 4.16: Total and different losses for the HWFET drive cycle. 
In order to study the performance of SHEVs in urban driving, a simulation is 
performed under the UDDS driving schedule for the modelled SHEV. The 
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charge-depleting control strategy is utilized again. The density of operating 
points on the torque-speed map with the contours of efficiencies under the 
recent road load (UDDS drive cycle) is presented in Figure 4.17. 
 
Figure 4.17: Density plot of series hybrid engine operating points for the 
UDDS drive cycle. 
In contrast to the conventional vehicle, which is very sensitive to the road load, 
from the density plot, Figure 4.17, it can be seen that the engine has operated 
near its efficient areas. Although the speed and torque vary in the city driving, 
due to the provided flexibility by the EM, the operating points have been 
regulated to focus on the efficient areas. However, the engine efficiency shows 
a slight decline in comparison with highway driving. To illustrate the obtained 
efficiency, the efficiency distribution histogram is presented in Figure 4.18. 
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Figure 4.18: Series hybrid engine efficiency distribution under the UDDS drive 
cycle. 
The EM in HEVs can act as a generator. Since the motor is sized to propel the 
vehicle in the peak power demand, the regenerated energy is considerable in 
stop-go driving for the series type. This energy can be stored and used in the 
electric only mode when the engine has to work in low efficient areas. In other 
words, the engine can be shut off, and the stored energy from regenerative 
braking can be used in low speed and low torque conditions. The recoverable 
energy and regenerated energy for the SHEV are shown in one diagram with 
the drive cycle in Figure 4.19.  By comparing the two identical diagrams 
(Figures 4.14 and 4.19), the obtained power under the urban driving is more 
substantial than the one under the highway driving. 
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Figure 4.19: Recoverable power and regenerative braking power under UDDS 
drive cycle. 
In the SHEV, the drivetrain can be designed so that the drive motor also acts as 
the starter motor. It provides an extremely rapid start due to the motor's high 
starting torque. This facilitates the stop and running of the engine when it is 
required. Therefore, the engine can be commanded to stop where it is 
extremely inefficient or at idles, and again can be rapidly started when it is 
required. The stop and run action of the simulated SHEV's engine under the 
UDDS drive cycle is shown in Figure 4.20.   
 
(a) 
 113 
 
(b) 
Figure 4.20: (a) SHEV speed and engine ON during charging and discharging 
vs. time, and (b) engine ON time distribution histogram for the UDDS drive 
cycle. 
When the engine is used for electricity generation, its shaft power turns the 
generator or alternator to produce electricity that flows either directly to the 
EM or to the batteries, where it is stored for later use. The significant amount 
of losses occurs in the ICE, that is almost 70% of the total loss. If we compare 
the two identical diagrams in the city and the highway driving (Figures 4.15 (a) 
and 4.20 (a)), it can be seen that the engine is less run to charge the battery in 
urban driving. It confirms that the majority of battery charging energy is served 
via regenerative breaking, and that the losses and the fuel consumption due to 
the engine operation are lessened under the UDDS drive cycle. Hence, the total 
loss in the SHEV under city driving is significantly less than the total loss in 
highway driving (i.e. a lesser amount of 50%). An overview of the energy 
balance under the UDDS drive cycle is shown as a Pi-Chart in Figure 4.21. 
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Figure 4.21: Total and the portion of losses under the UDDS drive cycle for a 
SHEV. 
4.5.3 Evaluation of Fuel Efficiency of a Parallel-hybrid Electric 
Vehicle  
In a PHEV, the engine via the transmission and differential components drives 
the wheels directly. In contrast to a series type, the engine must first produce 
electricity through a generator, and then the EM drives the wheels. Due to the 
conversion of mechanical energy to electric energy, and then again electric 
energy to mechanical energy, a SHEV is less efficient than a PHEV.  In a 
PHEV, since there are two parallel sources of power, the engine size is 
significantly smaller than a comparable series hybrid. In highway driving, as 
the vehicle is in a cruising state, the demand torque is lower than city driving. 
Also, the assistance from the regenerative braking is not much in highway 
driving. However, a smaller engine can run at a higher fraction of its rated 
power, i.e. at higher efficiency during most driving. In addition, an engine with 
a smaller size is intrinsically more advantageous from the standpoint of 
reduced fuel consumption and pollutant emissions.  In order to compare the 
performance of PHEVs against that of SHEVs, simulations are carried out 
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under the HWFET drive cycle. The density plot of the engine operating points 
and the efficiency distribution histogram are shown in Figure 4.22.   
 
(a) 
 
 
(b) 
Figure 4.22: (a) Operating points density plot and (b) efficiency distributions 
histogram of the PHEV's engine under the HWFET drive cycle. 
As the operating points are congested more in the efficient areas on the engine 
efficiency map, the histograms of efficiency are distributed between 30% and 
35% as shown in Figure 4.22 (a). The histograms show significant 
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enhancement in comparison with the equivalent SHEV. The recoverable power 
and regenerative braking power under the HWFET drive cycle for the PHEV 
are shown in Figure 4.23. 
 
Figure 4.23: Recoverable power and regenerative braking power under the 
HWFET drive cycle for the PHEV. 
Generally, the connection of a small size electric motor and the internal 
combustion engine to the shaft power and the wheels in the PHEV with the 
combination of transmission, torque converter, and differential as the whole 
power-train is more efficient than the SHEV’s shaft-to-wheel path of 
generator/alternator, inverter, motor/controller, transmission or reduction gear 
and differential. To elucidate this fact, the engine ON operation in charging 
and discharging with the drive cycle and also the different losses are presented 
in Figures 4.24 and 4.25. As shown in the Pi-Chart, the total loss is reduced 
extensively in the PHEV in comparison with the SHEV. 
 117 
 
Figure 4.24: PHEV engine ON during charge and discharging for the  HWFET 
drive cycle. 
 
Figure 4.25: Total and the portion of losses under the HWFET drive cycle for 
PHEV. 
The engine of a PHEV in the city will have to turn into ON and OFF states, 
frequently. Therefore, decoupling and coupling the engine and motor from the 
driveshaft is required repeatedly. However, this is not a straightforward task for 
the control system and also poses the augmented power losses in the drive-
train. Since the size of the engine and the motor are small in a PHEV, the 
motive power of the wheels has to be provided by the reinvolvement of the 
engine and the motor particularly in accelerating conditions. The ICE is more 
inefficient in stop-go driving so that the engine of a PHEV can be operated in 
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low efficient areas in comparison with that in highway driving. To declare the 
decline of efficiency in the PHEV engine under city driving, the density plot of 
operating points on the efficiency map and histogram of efficiency distribution 
are presented in Figure 4.26. 
 
(a) 
 
(b) 
Figure 4.26: (a) The density plot of the operating points, and (b) efficiency 
distributions histogram of PHEV engine under the UDDS drive cycle. 
Although the amount of regenerated energy from recoverable energy is 
significant and the motor is not run in charging mode during most of its ON 
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operation, still there is no considerable enhancement in total losses in 
comparison with highway driving as there was in the SHEV. In order to 
present the vehicle’s performance, the regenerated power from the recoverable 
power, the engine ON condition during the charging and discharging modes 
and the Pi-Chart of losses are shown in Figures 4.27, 4.28 and 4.29, 
respectively. 
 
Figure 4.27: Recoverable power and regenerative braking power under the 
UDDS drive cycle for the PHEV. 
 
Figure 4.28: PHEV engine ON during charge and discharging under the UDDS 
drive cycle. 
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Figure 4.29: Total and the portion of losses under the UDDS drive cycle for the 
PHEV. 
4.5.4 Comparison of Series Hybrid with Parallel Hybrid 
Configurations 
A SHEV is mechanically simpler than a PHEV and seems to be easier to 
design, but a PHEV enjoys the advantages of series hybrid such as regenerating 
braking and keeping the ICE operations in the efficient parts of the engine 
efficiency map with a more proficient connection of the ICE to the wheels. In a 
SHEV, the motor provides the sole tractive power to the wheels, therefore, the 
EM will be significantly larger than that required in the PHEV. However, in 
stop-go driving, the advantages from a SHEV are comparable with those of a 
PHEV. 
4.5.5 HEVs with Grid Electricity Charging 
The recent concept of using grid electricity in HEVs is an enhancement in 
hybrid vehicle design, especially for those who are looking for the zero 
emissions potential. In this type of vehicle, which is called plug-in hybrid, the 
extensive ESS (i.e. its battery is larger than the battery of the conventional 
hybrid) can be recharged by connecting to common household electricity. 
Then, it can be driven by electric energy for a relatively long distance. In other 
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words, it gains from high-all electric range and its engine will be rarely used, 
particularly if the vehicle is used for daily commutes within the range of less 
than 70 km distance (however, the number of the kilometers is a function of 
ESS power). Accordingly, it combines the benefits of an electric vehicle with 
the driving range of a conventional vehicle. With the depletion of battery's 
electric charge, the ICE can be used either to propel the vehicle or charge the 
battery (like a standard HEV) until the batteries can be recharged via the plug-
in option. To get full performance in extended-length trips, the engine and the 
motor should be sized for the required gradeability. It means that a parallel 
configuration with a plug-in design needs to have an electric motor larger than 
a standard PHEV.  This drawback imposes a considerable cost to the parallel 
design. 
The majority of loss occurs in the ICE of vehicles. Taking into consideration 
the regenerative energy and the fact that the exclusive provider of tractive 
power is the electric motor in SHEVs, power flows through the electric parts in 
majority of times under city driving. Also, counting the range of pure electric 
in plug-in hybrid, applying a plug-in design with a SHEV is in the expense of 
increasing the battery size without enhancing the vehicle requirements. 
Therefore, this configuration brings the benefit of simplicity of design, the 
straightforward control strategies of SHEV and zero emissions of electric 
vehicle together. So, it would be an appropriate solution especially for city 
driving. 
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4.5.6 Evaluation of Fuel Efficiency of a Series-parallel Hybrid 
Vehicle 
An alternative configuration to a series and a parallel hybrid is a series-parallel 
hybrid configuration. It combines the benefits of both series and parallel 
configurations with the expense of more complex control strategy and 
equipment. Similar to a PHEV, the EM and the ICE can work individually, or 
together, depending on the power required to run the vehicle. In addition, 
during propelling of the wheels by the EM or the ICE, similar to a series 
hybrid, the engine can drive a generator to simultaneously generate electricity 
to recharge the batteries when required. The latter ability gives one more 
degree of freedom to the system. Such degree of freedom results in a better 
operation of the ICE from the standpoint of efficiency and fuel economy. It 
means that the control unit determines the best balance of the engine and the 
electric power to achieve the efficient operation. 
Computer simulations under similar conditions as applied in the series hybrid 
and the parallel hybrid cases are carried out. The density of operating points is 
confined well in the more efficient areas on the engine efficiency map as 
presented in Figure 4.30 (a). And from a statistical point of view, the 
distribution is more congested around 33% (Figure 4.30 (b)) which shows a 
considerable enhancement in comparison with the series hybrid and slight 
improvement in comparison with the parallel hybrid. 
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(a) 
 
(b) 
Figure 4.30: (a) Density plot of the series-parallel hybrid engine operating 
points, and (b) efficiency distributions histogram in series-parallel hybrid under 
the HWFET drive cycle. 
As can be seen in Figures 4.31 and 4.32, the regenerated power from the 
recoverable power and the engine ON duration is similar to the series and the 
parallel hybrids, but the total drive-train energy loss in Pi-Chart (Figure 32) 
shows lower total loss. 
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Figure 4.31: Recoverable power and regenerated power under the HWFET 
drive cycle for the series-parallel hybrid. 
 
Figure 4.32: Series-parallel hybrid engine ON during charging and discharging 
under the HWFET drive cycle. 
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Figure 4.33: Total and the portion of losses under the HWFET drive cycle for 
series-parallel. 
With an additional degree of freedom in the series-parallel hybrid, the vehicle 
operates more as a series hybrid at low torque and speed. While at high speeds, 
where the series drive-train is less efficient, the operation is converted to the 
one like the parallel hybrid. As a result, in stop-go driving, still the engine 
operation points are maintained around the efficient areas of the efficiency 
map. The evaluation under city driving confirms this assertion as shown in 
Figure 4.33 (a). Differing from the parallel hybrid that reduces the efficiency 
distribution around the best possible efficiencies, the series-parallel can 
maintain a relatively efficient distribution as shown in Figure 4.33(b). 
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(a) 
 
(b) 
Figure 4.34: (a) Density plot of the series-parallel hybrid engine operating 
points, and (b) efficiency distributions histogram in the series-parallel hybrid 
under the UDDS drive cycle. 
Therefore, with the benefit of regenerated energy from recoverable energy 
while in the engine ON state during charging shows a slight augmentation, the 
total energy loss is reduced considerably as presented in Figures 4.34, 4.35 and 
4.36. 
 
Figure 4.35: Recoverable power and regenerated power under the UDDS drive 
cycle for the series-parallel hybrid. 
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Figure 4.36: Series-parallel hybrid engine ON during charge and discharging 
under the HWFET drive cycle. 
 
Figure 4.37:  Total and the portion of losses under the UDDS drive cycle for 
the series-parallel. 
However, this system extends the costs in comparison with a parallel hybrid in 
view of the fact that it needs a generator, a larger battery pack, and efforts to 
control the dual system. Therefore, the judgment between the benefits from the 
higher efficiency in SHEVs and the incurred higher cost needs more 
evaluation. 
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4.6 Discussions 
The results of the simulations of different drive-trains undertaken in this 
chapter are summarised in Table 4.3. It can be concluded that a SHEV is more 
appropriate for city driving. Particularly, when the electric part is used in 
majority of times. In contrast, a PHEV is less efficient than the SHEV in stop-
and-go driving. Therefore, the PHEV is more suitable for highway driving; 
hence, the PHEV can be a proper substitution for conventional vehicles in long 
distance and out of cities driving. With the expense of complexity, the series-
parallel brings together the advantages of both HEVs. 
Table 4-3: Summary of simulations results. 
 
 Conventional 
Vehicle 
SHEV PHEV Series-Parallel 
HEV 
Description Unit 
HWFE
T 
UDD
S 
HWFE
T 
UDD
S 
HWFE
T 
UDD
S 
HWFE
T 
UDD
S 
Cycle distance km 16.5 11.97 16.5 11.97 16.5 11.97 16.5 11.97 
THERMAL 
INFORMATION 
 
Fuel economy 
liter/100k
m 
6.22 10.18 6.12 5.24 5.03 5.4 4.54 4.09 
HC emissions g/km 0.06 0.17 0.07 0.11 0.035 0.118 0.062 0.162 
CO emissions g/km 1.06 3.67 0.98 1.85 0.435 2.360 1.058 3.210 
NOx emissions g/km 0.04 0.09 0.09 0.07 0.037 0.067 0.039 0.069 
CO2 emissions g/km 120.7 175.1 111.51 78.35 118.6 138.9 107.5 87.56 
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4.7 Summary 
This chapter presented an overview of vehicles ranging from conventional to 
various types of hybrids, and evaluated them from the standpoint of energy 
consumption. Using two sources of energy in the propulsion system allows 
very diverse set of power-train configurations. A conventional vehicle and 
three types of HEVs were modeled in this chapter. The technical characteristics 
of the models are comparable in order to facilitate the comparison of the 
simulation results. Two frequently used standard drive cycles (HWFED and 
UDDS) were employed to simulate the models under city and highway driving 
conditions. The simulation results demonstrate better fuel economy for all 
types of hybrid vehicles. 
The operating points of engines on efficiency maps for two drive cycles were 
extracted. The graphs and calculated average efficiencies imply that the SHEV 
ELECTRICAL INFORMATION 
 
Initial ESS SOC % 70 70 70 70 70 70 70 70 
Final ESS SOC % 69.6 69.6 60.68 59.62 63.91 61.12 70.12 68.59 
COMPONENT AVERAGE EFFICIENCIES 
 
        
Engine Bidirectional Efficiency % 28.77 25.2 32.35 34.34 34.23 29.29 32.59 30.97 
Generator Bidirectional Eff. % 85 85 91.17 90.45 - - 89.64 89.10 
Transmission  Bidirectional Eff. % 96.75 93.13 - - 93.12 90.16 94.55 92.17 
Motor Bidirectional Efficiency 
 
- - 83.89 87.08 86.11 84.96 87.58 92.77 
Power-train  Bidirectional Efficiency % 24.1 14.25 29.84 34.8 30.41 28.02 31.02 35.22 
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has a good performance in city driving which involves stop-and-go driving 
conditions, making these advantages comparable to similar PHEVs. In 
contrast, PHEVs achieve lower fuel consumption in highway driving. This 
reveals that SHEVs can be a proper substitution for conventional vehicles in 
city driving, and PHEVs for the speedy vehicles in highway driving. 
In series-parallel HEVs, the advantages of both the series and parallel 
configurations can be achieved. In this type, the simulation results from the 
two drive cycles showed lower emissions (see Table 4.3) and better 
efficiencies. However, this configuration is more complex; hence, its 
complicated control system and additional equipment increase its cost. 
As this thesis aims to consider the effects of control strategies in fuel efficiency 
in Chapters 5, 6 and 7, the considered control strategies can be applied to both 
the series-parallel and the PHEV with a minor modification. Therefore, the 
PHEV is considered. Respectively, for the look-ahead control strategies, a 
backward model of a PHEV is developed and used. 
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C H A P T E R  F I V E  
5 Backward Modeling and Look-Ahead 
Fuzzy Energy Management 
5.1 Outline of Chapter 
This chapter presents a method for power train modelling. The key feature of 
the method is its presentation of the dynamic of the vehicle based on the road 
information. This ability makes the method suitable for look-ahead energy 
management and fuel economy optimal control problems. With the aid of a 
road slope database, road geometry ahead of the vehicle is extracted. A fuzzy 
controller is developed that receives this information and controls the velocity 
of the vehicle with respect to its fuel consumption. Simulations are carried out 
using real road data. The results are presented and discussed.  
5.2 Introduction 
It was shown in Chapter 4 that hybridization brings reduced fuel consumption 
benefits. The obtained results were based on the rule-based strategy that 
managed the SOC under standard drive cycles. The endeavor of the rule-based 
strategy was a comparison of different hybrid power-train configurations from 
the standpoint of fuel economy with regard to both city and highway driving. 
Moreover, evaluations were performed for a level road with no variations in 
grade. However, the consumed energy in a vehicle can be associated with more 
factors such as uphills, downhills and traffic congestion. In other words, it is 
possible to improve fuel economy by taking into account the capacity of 
energy saving related to road condition. 
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Furthermore, it was shown in Chapter 4 that a PHEV is less sensitive to the 
variation of the loads. To investigate the capacity of energy saving that is 
associated with the road geographical condition, in this chapter a PHEV is 
modelled. The developed model uses the backward-looking approach in which 
the flow of energy starts from the wheels and spreads toward the engine and 
the EM. Next, a fuzzy logic based strategy is developed to control the 
operation of the PHEV. The objectives of the controller include managing the 
energy flow from the engine and the EM, controlling transmission ratio, 
adjusting speed optimally, and sustaining the state of charge of batteries. The 
controller examines current vehicle speed, demand torque, slope difference, 
state of charge of batteries, and engine and electric motor rotation speeds. 
Then, it determines the best values for continuous variable transmission ratio, 
speed, and torque. A slope window scheme is also developed to take into 
account the look-ahead slope information and determine the best vehicle speed 
for better fuel economy. The developed model and associated control strategy 
are simulated using real highway data relating to Nowra-Bateman Bay in 
Australia, and SAE Highway Fuel Economy Driving Schedule. 
5.3 PHEV Power and Drive-train 
HEVs consist of two sources of energy: ICE and battery. In order to utilise the 
part of energy that is wasted in the form of heat during braking, energy sources 
and converters in the electrical parts of the drive-train are made bidirectional so 
that such losses can be minimized and the energy can be redirected to charge 
the battery. In a PHEV, the engine supplies the mechanical power to the wheels 
and the generator during the battery charging. In addition, the power can be 
supplied to the wheels by the EM only, or the engine assisted by the EM. The 
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engine and the EM are coupled together by a mechanical coupling. The power 
flow diagram of a PHEV is illustrated in Figure 5.1. 
 
Figure 5.1: Configuration and power flow diagram of a PHEV. 
The passenger vehicle selected for our modelling is a mid-size vehicle. GM 
Chevrolet Lumina, Ford Taurus, Daimler-Chrysler Concorde, Toyota Camry 
and Honda Accord are example vehicles that can be classified in the mid-size 
vehicle family. The presented values in which are used in this thesis can be 
considered as the average values for the mid-size vehicles and obtained from 
ref. [121]. General specifications of the simulated PHEV are listed in . 
Table 5-1: General characteristics of the simulated model. 
Description Symbol Value Unit 
Vehicle equivalent mass with a single Meq 1418 kg 
Continuously variable transmission ratios gr(t) [0.5 2.5] - 
Wheel radius rw 0.305 m 
Rolling resistance  Crr 0.01(1+V/100) - 
Air drag coefficient CD 0.3 - 
Frontal area A 1.37 m2 
Final drive ratio fr 4.438 - 
Air density ȡ 1.2 kg/m
Gravity g 9.8 m/s2
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Permanent magnet EM power - 33 kW 
EM peak power - 50 kW 
ICE (SI,1.8L) maximum power - 90 kW 
Petrol lower heat value QLHV 43 MJ/k
*V is the vehicle speed. The rolling coefficient is considered as a linear 
function of speed. The equation can be considered accurate for speeds up to 
128 km/h [122]. 
Rolling resistance that affects on the tyres is modelled as a function of speed. 
However, in a rolling tyre, there are some effects due to higher order velocity 
terms which are neglected in this thesis the dynamic coefficients are very 
small, and ignoring them causes a very little inaccuracy. 
The first important criterion in a hybrid propulsion system is the vehicle's 
longitudinal performance. It comprises tractive effort, fuel economy and 
braking performance. Dynamics of the pitch and the yaw axes of the vehicle 
are the other considerations which are important in the design cycle. As this 
thesis considers only fuel economy, the other criteria are not taken into 
account. 
The definition of the propulsion system tractive effort was stated in Chapter 3, 
but worth reiterating here. The tractive effort is the principal predictor of 
longitudinal performance of the vehicle. The equation of motion along the X-
axis is: 
ܨ௧௥ ൌ ܯ௘௤ݒሶሺݐሻ ൅ ܥ௥௥ܯ௘௤݃ܥ݋ݏߙ ൅ܯ௘௤݃ܵ݅݊ߙ ൅ ଵଶ ܥ஽ܣߩሺݒሺݐሻ ൅ ݒ௪ሺݐሻሻଶ (5.1) 
ܯ௘௤ ൌ ߙ௠ܯ௩ ൅ ݊௣ܯ௣        (5.2) 
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In the presented equations, Meq defines the equivalent mass that considers the 
passengers load (np, the number of the passengers and Mp the mass of 
passenger that can be approximated by 75kg), and Mv is the vehicle empty 
(curtail) mass. Įm is the mass factor that describes the inertia of the parts such 
as all wheels, driveline, engine with ancillaries and electric motor component 
that rotate with the wheels. Regarding the rotational inertias reflected to the 
wheel axel, the mass factor can be defined as follow: 
 ߙ௠ ൌ ͳ ൅ ସ௃ೢெೡ௥ೢమ ൅
௃೐೙೒௚ೝమ ௙ೝమ
ெೡ௥ೢమ ൅
௃೐೘௚ೝమ ௙ೝమ
ெೡ௥ೢమ    (5.3) 
where Jw, Jeng and Jem are the inertia of the wheels, the engine and the EM. 
Typical inertia values used in this thesis are presented in Table 5-2  [121]. gr 
and fr are the gear ratio and the final drive ratio. rw is the wheel rolling radius. 
Table 5-2: Inertia of different components. 
Component Value (kg m2) 
Automotive alternator, 14V, 120A, belt driven, air cooled 0.001 
272V  33 kw electric motor  0.095 
Torque converter, impeller (attached to engine crankshaft) 0.12 
Torque converter, turbine (attached to transmission input 0.04 
Transmission gearbox 0.0001 
Engine crankshaft 0.00015 
Engine crankshaft and mounted flywheel plus ring gear 0.14 
Each wheel 0.31 
 
Having the inertias and the mass, their values can be substituted in Equation 
(5.3), then the mass factor can be calculated. In order to consider the effect of 
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mass in fuel economy, the mass factor for the modelled PHEV is considered to 
be 1.0648 [121]. 
In order to find the torque and the rotational speed at the output of the 
mechanical coupling, for efficiencies from wheels toward mechanical coupling, 
i.e. final drive (or differential) (Șf) and transmission and torque converter (Ș) 
have constant values, the following equation can be used [123]: 
௠ܶሺݐሻ ൌ  ௥ೢ௙ೝ
ଵ
௚ೝሺ௧ሻ
ଵ
ఎ೑ఎ ܨ௧௥  (5.4) 
Then, for transmission in ith gear, the tractive force can be supplied via both 
the ICE and the EM as illustrated by the following equation: 
ܨ௧௥ ൌ ܨ௘௡௚ ൅ ܨ௘௠ ൌ  ೐்೙೒௚ೝ௙ೝఎ೑ఎ௥ೢ ൅
೐்೘௚ೝ௙ೝఎ೑ఎ
௥ೢ    (5.5) 
The required propulsive power at the output of mechanical coupling which is 
provided by the ICE, the EM or both is given by: 
௠ܲ ൌ ߱ሺݐሻ ௠ܶሺݐሻ ൌ ߱ሺݐሻሺ ௘ܶ௡௚ ൅ ௘ܶ௠ሻ  (5.6) 
The other important term in the calculation of vehicle load is the road grade. 
The road grade is given as the percentage of the variation of the road altitude 
per unit horizontal. Also, it can be expressed as the grade angle, Į as follows: 
ߙ ൌ ݐܽ݊ିଵሺ௚௥௔ௗ௘Ψଵ଴଴ ሻሺݎܽ݀ሻ  (5.7) 
In real roads, the actual angles are relatively small. For example, the maximum 
grade of a real road is not greater than 33% which is 18.3 degrees. 
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The other required parameter for finding the road load is the rotational speed at 
the output of the mechanical coupling. The vehicle speed depends on the 
engine and/or motor rotational speed and wheel slip which can be shown as 
follows: 
ߤ௘ ൌ ௚ೝ௙ೝሺଵି௦ሻ ݒሺݎܽ݀Ȁݏ)  (5.8) 
where v is the vehicle speed and s is slip. The maximum tractive force can be 
limited by the coefficient of friction between the tyres and road surface. An 
approximation of the speed-dependent-coefficient of friction can be obtained 
for a given value of peak static friction as follows: 
ߤሺݏሻ ൌ ߤ௣௘௔௞ሾܽሺͳ െ ݁ି௕௦ሻ െ ܿݏሿ ൌ ͲǤͺͷሾͳǤͳሺͳ െ ݁ି଴Ǥଶ௦ሻ െ ͲǤͲͲ͵ͷݏሿ  (5.9) 
The graph of wheel slip percent versus longitudinal friction coefficient and 
tractive force are presented in Figure 5.2.and Figure 5.3. 
 
Figure 5.2: Wheel slip curve with the peak statistic friction of 0.85. 
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Figure 5.3: Tractive force limits for the presented slip curve.  
For the modelled vehicle, the maximum achievable acceleration with the slip of 
20% can be calculated as follows: 
 ܽ ൌ ி೟ೝೌ೎̴೗೔೘ெ೐೜௚ ൌ
଼ସ଴଴
ଵସଵ଼כଽǤ଼ଵ ൌ ͲǤ͸ሺ݃ሻ  (5.10) 
where Ftrac_lim is the maximum traction force. In vehicles, the target 
acceleration is typically 4.5 m/s2 or 0.47g [95], therefore, the obtained 
maximum achievable acceleration meets the performance criterion. 
As the vehicle speed is the state that determines the road load, and the engine 
operating points are calculated from this load, the employed approach in this 
section is referred to as a backward model as used initially in ADVISOR [124]. 
The other performance factor is the fuel economy that is explained in the next 
subsection. 
5.3.1 Forecasting Fuel Economy 
As described in Chapter 3, in a quasi-static model, the ICE is expressed by the 
relationship between its operating point and fuel consumption. The operating 
points of an engine are defined by the engine speed Ȧ and the engine torque Tm 
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at the crankshaft. The mass flow rate of the fuel ሶ  [g/s] which is directly 
related to both Tm and Ȧ is usually obtained from the empirical data acquired 
from an engine test-bench. All measured data from different operating points is 
placed into a look-up table. In this way, a quasi-static map is created. The fuel 
maps are often represented in terms of Brake Specific Fuel Consumption 
(BSFC) which is mathematically expressed as follows [95]: 
ܤܵܨܥሺ ௠ܶǡ ߱ሻ ൌ ௠ሶ ሺ ೘்ǡఠሻ௉೘ ൈ ͵͸ͲͲ ൈ ͳͲ
ଷሾ ௚௞ௐ௛ሿ (5.11) 
where Pm is the output mechanical power of the engine.  
The engine map that is extracted from PSAT [125] for the vehicle under 
examination in this thesis is presented in Figure 5.4. The efficiency of the ICE 
(Șice) is inversely proportional to the BSFC as shown in the following equation: 
ߟ௜௖௘ ൌ ௉೘௉೎೓ ൌ
௉೘
௠ሶ ሺ ೘்ǡఠሻொ೗೓ೡ ൌ
ଷ଺଴଴ൈଵ଴య
ொ೗೓ೡ஻ௌி஼ሺ ೘்ǡఠሻ  (5.12) 
 
Figure 5.4: Efficiency map for the ICE. 
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As shown in the ICE efficiency map, the optimal engine operating points occur 
when the torque is in the 60-80 Nm range and the speed is in the 300-400 rad/s 
range. 
5.3.2 Electric Motor (EM) 
Similar to the ICE efficiency map, there exists an efficiency map for the EM 
which presents the empirical data of its efficiency as a function of torque and 
speed. This efficiency map can be presented as contours on a torque-speed 
map. The motor/generator efficiency map used in this study is illustrated in 
Figure 5.5. The positive torque values indicate that the EM operates as a motor 
and provides the required propulsive power. The negative torque values 
represent the battery charging state when the electric motor acts as a generator 
or charger. 
 
Figure 5.5: Efficiency map of a 33 kW (peak power) induction AC motor. 
The input-output power in the EM can be calculated as follow: 
௜ܲ௡ሺݐሻ ൌ ܸሺݐሻܫሺݐሻ (5.13) 
௢ܲ௨௧ሺݐሻ ൌ  ௘ܶ௠ሺݐሻ߱௘௠ሺݐሻ  (5.14) 
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ߟ௘௠ሺ ௘ܶ௠ሺݐሻǡ ߱௘௠ሺݐሻሻ ൌ ௉೚ೠ೟ሺ௧ሻ௉೔೙ሺ௧ሻ   (5.15) 
where I is the EM input current in A, V is the input voltage in Volt, and Ʉୣ୫is 
the EM efficiency. As presented in Figure 5.3, the best efficiency can be 
obtained at a speed in 250 to 350 rad/s and a torque in -70 to 70 Nm. Therefore, 
the EM should be controlled to operate in this region. Consequently, in order to 
obtain the maximum efficiency when the engine is used to charge the battery, 
the optimal speed range should be considered in the applied fuzzy controller. 
For HEVs, many types of batteries have been modelled. An overview of the 
battery models is available in the literature [126]. Typically used batteries in 
HEVs are the lead acid and the Nickel metal batteries. In the modelling 
presented in this thesis, the lead acid battery model described in [127] is used 
for which the related equations were described in Chapter 3. This battery model 
is simple and relatively fast. This battery is modelled in MATLAB/SIMULINK 
platform by the author as shown in Figure 5.6. 
 
Figure 5.6: Modelled battery in MATLAB/SIMULINK. 
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5.3.3 Transmission 
In passenger vehicles, the maximum transmission ratio is in the lowest gear and 
the minimum transmission ratio is in the highest gear. From the lowest to the 
highest gear, ratios should be placed in tramsmission to provide “the tractive 
effort-speed characteristics as close to the ideal” as possible [122]. In normal 
driving according to the vehicle speed, the selected gear ratio between the 
highest and the lowest gears should act such that the operating point of the 
engine remains near its efficient area. This approach affects the fuel economy 
and improves the performance of the vehicle. Usually, better combustion 
quality and maximum torque are achievable around the middle engine speeds 
[122].  
The transmission used in the model described in this thesis is a continuous 
variable transmission (CVT). A CVT is a transmission with infinite number of 
ratios between two limits, and allows the ICE to operate near its optimal speed 
range. It benefits from a smooth step-less shifting that provides better 
drivability in comparison with traditional automatic and manual transmissions 
[128, 129].  The CVT used in this study employs empirical data available in 
PSAT [125]. 
By applying the concepts presented in this chapter and the theoretical notions 
from Chapter 3, a model of the entire PHEV is developed in Matlab and 
Simulink as illustrated in Figure 5.7. The model consists of different blocks 
such as vehicle dynamic, final drive, transmission, ICE, EM/generator, 
batteries, travelled distance calculation, consumed fuel calculator, and fuzzy 
controller. In the rest of this chapter, the controller and the methodology of 
path planning are described. 
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Figure 5.7: Complete parallel hybrid electric model. 
5.4 Positioning and Road Slope Forecasting Method 
In this method, the desired speed is fed into the longitudinal block. It can be a 
constant speed or a variable speed. The variable speed can be a drive cycle, an 
optimiser output, or an adaptive cruise controller output [130]. In the model, 
the origin and destination of travel is known in advance and the road 
information can be obtained from a GIS. In order to simplify the problem, the 
road points considered in this study is represented in a two dimensional plane 
of x and y (distance and altitude). From the variation of distance and altitude, 
the instantaneous slope of the road is determined for the entire path. 
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Assume that a moving vehicle at time t is at location నሬሬሬറሺሻ and its velocity 
isనሬሬሬሬറሺሻ. The position vector between two consecutive points can be calculated 
from the following relation: 
ݎറ௜ሺݐሻ ൌ ݔపሬሬሬറሺݐ ൅ ߂ݐሻ െݔపሬሬሬറሺݐሻ   (5.16) 
where నሬሬሬറis the position vector in the x-y coordinates. The distance s between 
two consecutive points can be written as:    
ݏ௜ሺݐሻ ൌ ԡݔపሬሬሬറሺݐ ൅ ߂ݐሻ െݔపሬሬሬറሺݐሻԡ (5.17)
where ||  || represent the norm of the specified vector. 
The direction towards the forward point can be calculated from the following 
equation: 
റ݁௜ሺݐሻ ൌ ௫ഢሬሬሬറሺ௧ା௱௧ሻି௫ഢሬሬሬറሺ௧ሻԡ௫ഢሬሬሬറሺ௧ା௱௧ሻି௫ഢሬሬሬറሺ௧ሻԡ   (5.18) 
The velocity నሬሬሬറ(t) can be found as follow: 
ݒറ௜ሺݐሻ ൌ ௦೔ሺ௧ሻ௱௧ റ݁௜ሺݐሻ  (5.19) 
Therefore, instantaneous velocity has two orthogonal terms; parallel and 
normal to the road whose magnitude can be represented in the following form: 
  ݒ௫ሺݐሻ ൌ ቛ௦೔ሺ௧ሻ௱௧ റ݁௜ሺݐሻቛ ܥ݋ݏߙሺݐሻ ൌ ԡݒറ௜ሺݐሻԡܥ݋ݏߙሺݐሻ (5.20) 
ݒ௬ሺݐሻ ൌ ቛ௦೔ሺ௧ሻ௱௧ റ݁௜ሺݐሻቛ ܵ݅݊ߙሺݐሻ ൌ ԡݒറ௜ሺݐሻԡܵ݅݊ߙሺݐሻ  (5.20) 
where Į(t) is the instantaneous slope angle between the direction vector ሬറ୧ሺሻ 
and x axis and can be calculated from following relation: 
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ߙሺݐሻ ൌ ݐܽ݊ିଵሺ௬ሺ௧ାο௧ሻି௬ሺ௧ሻ௫ሺ௧ାο௧ሻି௫ሺ௧ሻ ሻ  (5.21) 
The longitudinal forces push the vehicle forward or backward in x-direction. 
The vehicle’s weight, Mg, acts in the vertical direction through its centre of 
gravity. The weight pulls the vehicle to the ground and its effect in the 
movement direction, based on the value of Į(t), can be either a resistive force 
or a tractive force. Therefore, by knowing the slope of the road and applying it 
in the control strategy, we can obtain a considerable energy saving which is the 
core functionality of the proposed model. When the vehicle travels, the 
aerodynamic drag and rolling forces are resistive and slow down the vehicle 
while the acceleration force pushes the vehicle forward; the gravitational force 
can be resistive or tractive depending on the slope of the road. For simplicity, 
the drag is assumed to act through the centre of gravity of the vehicle.  
In the model described in this chapter, the demand traction force which is the 
sum of acceleration, rolling, gravity and drag forces, given by Equations (3.38-
3.41), is calculated by Equation (5.1). By using an integrator on the 
acceleration module in the model, the actual speed is computed. This speed is 
fed as the process variable (feedback) to a proportional-integral (PI) controller 
which controls the desired cruise.  
With known speed and slope angle, by employing Equations (5.18-5.19), 
velocity in x (distance) and y (altitude) directions is dynamically calculated. By 
implementing two integrators with vx(t) and vy(t) as the current states, x(t) and 
y(t) are determined. Comparing the obtained points with the stored ones in the 
database, not only the instantaneous slope is specified, but also the future 
states, vehicle position and the road slope can be determined. In order to extract 
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future slopes from the database, a distance of 200m ahead of the vehicle's 
current position with a window of 10m (10 samples) is considered. A moving 
average method [131] is used, and the samples are averaged to estimate the 
future slopes. With the movement of vehicle over a meter, a new sample is 
entered into the look-ahead window and the oldest sample is discarded from the 
sampling space (see Figure 5.8) so that the slope of the road ahead can be 
found by: 
ߙሺ݈݋݋̴݄݇ܽ݁ܽ݀ሻ ൌ σ ሺ௦௔௠௣௟௘ௗௗ௔௧௘ሻ೙಼సభ ௡ െ
௢௟ௗ௘௦௧௦௔௠௣௟௘
௡ ൅
௡௘௪௦௔௠௣௟௘
௡  (5.22) 
As in the backward facing model, the flow of energy starts from the wheels and 
spreads toward the ICE and the EM. This facilitates the necessary calculations 
via the expressed relations in Equations (3.39) to (3.43). The traction force and 
actual speed are converted to torque and rotational speed. A schematic 
overview of the model including the connections between its subsystems is 
illustrated in Figure 5.9. 
 
Figure 5.8: Look-head slope window. 
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Figure 5.9: Schematic overview of the model. 
In Figure 5.9, the constant speed or the drive cycle speed is fed to the Speed 
Set-Point Calculator block. The desired speed based on the obtained optimal 
speed from the Fuzzy Controller is calculated. Then, the desired speed is 
compared with the actual speed, and then the result is the error signal to the 
Cruise Controller. Traction power needs to be manipulated to eliminate the 
error between actual speed and the desired speed. The traction power is 
calculated based on Equation (5.1). Subtracting the gravitational, rolling and 
drag forces (obtained via Equations (3.40)-(3.42)) from traction power obtains 
the vehicle's acceleration force. By implementing an integrator and dividing by 
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the equivalent mass (Equation (5.2)) the instantaneous speed of vehicle is 
obtained. Extracting the road slope from road database the speed in x and y 
direction can be obtained. By integrating on the velocity of x direction the 
vehicle position is achieved. Then, from road data base the new slops are 
accessible. This method can be implemented in a closed loop system and the 
position, the present and the future slopes are calculated instantaneously. 
The power traction is the power demand that need to be provided by the ICE or 
the EM. The power split between the two sources of energy, electric and fuel is 
one of the responsibilities of fuzzy controller which will be explained in the 
next subsection. 
5.6 Look-ahead Fuzzy Logic Controller 
This section presents the proposed fuzzy controller, whose rules are based on 
the empirical knowledge of the expert developed in this study. The objectives 
of the controller are to manage the energy flow between the ICE and the EM, 
control the transmission ratio, adjust the optimal speed and sustain the SOC of 
battery at an optimal level. The advantage of this system is its robustness, since 
it is tolerant to imprecise measurements and component variations. The fuzzy 
rules can be easily tuned, if required, therefore adaptation is an additional 
benefit of this controller. The main idea behind the fuzzy controller is to 
employ the logic-based control strategy. The look-ahead control is a strategy 
that relies on logical reasoning of how the vehicle should behave in certain 
circumstances. 
Here, it is assumed that the environment is represented by the road slope. From 
various longitudinal forces on a vehicle, Equation (3.40) is associated with road 
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slopes. Since the required propulsive energy is provided by the ICE, the EM or 
both using the road slope, making intelligent decisions can improve the fuel 
economy. 
The operation of the modelled PHEV based on the controller commands can be 
electric only, engine traction, hybrid propulsion, regenerative braking and 
battery charging using the energy due to gravity. The controller acts such that 
the required torque is always met. As stated in Section 3.11, control in HEVs 
can be divided in two levels: coordinate control and components control. The 
coordinate controller (CC), which is at the higher level, manages the lower 
level controllers such as the ICE controller, the EM controller, the speed 
controller, the mechanical brake controller, and the SOC controller. The inputs 
to the CC are the demand torque, the difference between the existing slope and 
the future slope, the SOC, the engine speed, the motor speed, and the resistive 
force. 
From the standpoint of control problem, it is desired to find such control 
outputs that optimise the fuel consumption. In the proposed CC, there are 
inputs such as future slope, vehicle speed, demand torque, SOC, rotational 
speed and resistive force. From the expert knowledge [132], it is known that 
fuel saving can be made during uphill or downhill. During moderate uphill 
travel, the vehicle loses speed and the ICE works in its inefficient region. 
During downhill travel because of the gravity, the acceleration of the vehicle 
increases. An expert driver speeds up before an uphill and slows down before a 
downhill drive. Therefore, driving can be classified into three main states: 
driving on level, uphill or downhill roads. This classification is not crisp (or 
precise) and can be best modelled using fuzzy logic. Therefore, the difference 
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of the current slope and the calculated one from the look-ahead slope estimator 
is considered as an input to the CC. With respect to the engineering 
considerations of the road structure, and in order to generate the geographical 
fuzzy set of the road, the linguistic interpretation of slope is considered from a 
very high negative (-30%) to a very high positive (30%) slopes. Based on the 
variation of this input, the controller output is the speed that manipulates the 
current speed with respect to the future slopes. The range of operation is from -
10 to 10 km/h. 
The design criteria for controlling the power split between the ICE, the EM and 
the charging of battery is based on the efficiency maps. In other words, the ICE 
and the EM are confined to operate in the high efficiency area of the map. The 
inputs to the controller such as the demand torque, shaft rotational speed and 
resistive force are converted to fuzzy values. These fuzzified inputs are 
demonstrated in Figure 5.10. The fuzzy logic controller maps the inputs to the 
outputs with a set of logic rules. Fuzzy control rules are characterised as a 
collection of fuzzy IF-THEN rules whose conditions and consequences involve 
linguistic variables. The IF-part of the rules refers to attributes that express 
fuzzy sets of the input variables. A particular input value, which belongs to this 
set to a certain degree, is demonstrated by the degree of membership. For 
instance, the membership functions that define the degree of membership of the 
speed are Pi functions. They determine the degree of memberships to the fuzzy 
set, from very low speed to very high speed. The defined membership functions 
for road slope are Gaussians which show the degree of membership to the 
fuzzy set from very steep down to very steep up. Fuzzy speed is considered 
from zero speed to very high speed (150 km/h). Taking into consideration the 
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linguistic representation of all of the numerical inputs, the fuzzifications are 
illustrated in Figure 5.10. 
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Figure 5.10:  Input membership functions. 
The THEN-part of the rules of the controller refers to the values of the output 
variable. To achieve the output of the controller, the degrees of membership of 
the IF-parts of rules are evaluated, and the THEN-parts of the rules are 
weighted by these degrees of membership. For example, in the membership 
functions that define this degree of membership for the input speed, Pi 
functions establish the degree of membership to the fuzzy set, from very high 
shift to low shift. The most frequently used method generally known as the 
Mamdani’s minimum operation [133] is implemented. In this method, if the 
inputs are fuzzy singletons, A'=u0 and B'=v0, then the results C' can be obtained 
from the following relation: 
ߤ஼ᇲሺݓሻ ൌ ڀ ሾ௡௜ୀଵ ߤ஺೔ሺݑ଴ሻ ٿ ߤ஻೔ ሺݒ଴ሻሿ ٿ ߤ஼೔ ሺݓሻ (5.23)
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In order to obtain a crisp control output from an inferred fuzzy inference 
engine, the most common method called the centroid area is used: 
ܼ஼ை஺ ൌ ఓ಴ሺ௭ሻ௓ௗ௭೥
׬
ఓ಴ሺ௭ሻௗ௭೥׬
  (5.24)  
where Z is the output from the given inputs and their fuzzy relation, and ȝC(Z) 
is the aggregated output membership function. For instance, the crisp output of 
the fuzzy controller to the adaptive cruise controller increases the vehicle speed 
before an uphill or decreases it before a downhill. The extended or diminished 
speed is proportional to the fuzzified angle of slope.  
For the engine considered in this model, from the ICE efficiency map, the 
optimal operation of engine occurs from the rotational speed of 250 rad/sec to 
400 rad/sec and the torque of 45 N-m to 60 N-m. Maintaining the crankshaft 
rotational speed in the efficient section can be achieved by the gear ratio 
transmission which is controlled by the controller according to the fuzzified 
vehicle speed. The EM can be used as a load regulator to sustain the ICE in the 
efficient torque area. Since there are two stages in the energy conversion, the 
EM should be controlled to operate in the efficient speed range. This mater has 
been considered in the control strategy. When we use the regenerative braking, 
or the energy from the gravitational force, the SOC is the only parameter which 
is considered because the state of health of battery pack is the issue in that 
situation. In the other words, the SOC of battery needs to be maintained in the 
efficient area and it cannot be charged more than 80% of the maximum charge. 
During the battery charging and discharging, the efficiency of the battery can 
be defined as: 
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ߟௗ௜௦௖୦௔௥௚௘ ൌ ௏௏೚  (5.25) 
ߟ௖୦௔௥௚௘ ൌ ௏೚௏  (5.26) 
where V is the cell operating voltage, and Vo is the thermodynamic voltage. In 
the discharging mode, a higher efficiency is obtained in the high SOC, and in 
the charging mode, a higher efficiency is obtained in the low SOC. Enhancing 
the net cycle efficiency and considering the state of health of battery, the fuzzy 
controller controls the battery in its middle SOC range of 0.6 to 0.8.   
Beside the shift ratio and adaptive speed, the engine torque is the other output 
of the fuzzy controller. The membership functions of the fuzzy outputs are 
shown in Figure 5.11. 
 
Figure 5.11: Output membership functions. 
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If the vehicle speed is very low, or the demand torque is very low, the SOC 
will be examined. If the SOC is in its normal condition, the vehicle will work 
in the electric only mode. The negative resistive force and brake will also be 
examined, and with the condition of the SOC less than 0.8, the battery will be 
charged. Because of the certainty in these situations, the regenerative braking 
and the electric only mode of the PHEV are controlled with crisp rules. For the 
other states of the fuzzy controller outputs, the engine is maintained in its 
optimal operation mode. Correspondingly, the fuzzy controller rules are 
performed. For instance, when the SOC is not high and the demand torque is 
low and the motor rotational speed is efficient, the engine is controlled to 
deliver optimal torque, the EM will be controlled to work in the generator 
mode, and the difference between the engine torque and the demand torque 
will be used in the generator to produce electrical energy. The produced 
electrical energy is stored in the battery. 
5.5 Model Evaluation, and Benchmarking Against a 
Similar Model in PSAT 
In order to evaluate the model and its fuzzy controller, simulations are 
performed using the highway fuel economy test (HWFET drive cycle) in a 
level road (zero slope) based on the charge and discharge diagram of a battery 
(see Figure 5.12). Batteries are more efficient in their mid points of SOC. With 
respect to life cycle and efficiency, the SOC is maintained between 60% and 
80% of full charge. In the control strategy, the battery efficiency and its state of 
health are considered simultaneously. Respectively, the result of the modelled 
vehicle, controlled by a fuzzy controller considering the road load of HWFET 
drive cycle is displayed in Figure 5.12. 
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Figure 5.12: Curve for the SOC of the battery . 
The controlled output shows that the SOC is sustained in the efficient area. 
The ICE efficiency curve is obtained and presented in Figure 5.13. The average 
efficiency for the used drive cycle is 31.02%. 
 
Figure 5.13: Engine efficiency curve. 
In normal driving according to the vehicle speed, the selected gear ratio 
between the highest and the lowest gears should act such that the operating 
point of the engine remains near its efficient area. This approach affects fuel 
economy and improves the performance of the vehicle. In the developed 
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model, the gear ratio is controlled with respect to the fuzzified speed by the 
fuzzy controller. For the modelled ICE, the optimal operating points occur 
when the speed is in the 200-400 rads/s range. Accordingly, the simulation 
result is shown in Figure 5.14. 
 
Figure 5.14: Engine speed. 
For the modelled ICE, the optimal operating points occur when the torque is in 
the 60-80 N-m range. The EM can be used as a load regulator to sustain the 
ICE in the efficient torque area (see Figure 5.15). Since there are two stages in 
the energy conversion, the EM should be controlled to operate in the efficient 
speed range. This matter has considered in the control strategy. When the 
regenerative braking is used, the SOC is the only parameter that is considered. 
 158 
 
Figure 5.15: Engine torque. 
To evaluate the modelled power-train, a similar model in PSAT is considered 
as a benchmark. The essential parameters of the selected vehicle in PSAT are 
close to those given in Chapter 4. The configured power-train is shown in 
Figure 5.16. The simulation inputs in PSAT are drive cycles and a constant 
road grade. Considering similar inputs for both models, simulations are 
performed using the highway fuel economy test (HWFET), 0% and 2% slope 
with a normal driver. Since the fuel consumption is investigated in this study, 
the results are highlighted from the standpoint of fuel consumption, and 
summarised in Table 5.3. The results show that the fuel consumption depends 
on the road grade. 
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Figure 5.16: The modelled power-train in PSAT. 
The parallel hybrid model in PSAT consists of different modules such as 
engine, mechanical accessory, torque converter, CVT, differential, wheels, 
vehicle dynamic, battery electric motor, and electrical accessories. The 
establishment of the modules are based on the explained theories in Chapter 3; 
however, here brief explanations for the main modules are given as well. 
The engine model simulates engine torque production, fuel consumption, and 
engine-out emissions. In the engine module, a set of engine maps is used for 
hot conditions and the fuel rate can be expressed as a function of the engine 
torque and speed. 
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In the EM model, the electrical power is an input to the model and the speed, 
and electrical power calculated from EM torque-map are outputs of the model. 
The model has three essential maps: continuous torque as a function of speed, 
maximum torque as a function of speed, and four-quadrant efficiency map as a 
function of speed and torque. 
The energy storage system (ESS) block models the battery pack as a charge 
reservoir and an equivalent circuit whose parameters are a function of the 
remaining charge of the reservoir. The equivalent circuit accounts for the 
circuit parameters of the battery pack as if it were a perfect open-circuit voltage 
source in series with an internal resistance. The amount of charge that the ESS 
can hold is taken as constant, and the battery is subjected to a minimum voltage 
limit. 
The torque converter provides hydrodynamic coupling between the input and 
output shafts. Since the connection is not rigid, a difference in speed is allowed 
between the input and output shafts. This speed difference is called "slip" and 
is measured by the slip ratio. A torque converter consists of four main 
elements: the impeller or pump, turbine, stator, and hydraulic fluid. The fluid 
circulates through the torque converter, gaining energy and momentum on the 
impeller side that is then delivered to the turbine side, allowing for a difference 
in speed. In PSAT, the torque converter is modelled as two separate rigid 
bodies when the coupling is unlocked and as one rigid body when the coupling 
is locked. The downstream portion of the torque converter unit is treated as 
being rigidly connected to the drive-train. The torque converter model is based 
on a lookup table, which determines the output torque depending on the 
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demand torque. The upstream acceleration during slip and the downstream 
acceleration are taken into account in calculating the output speed. 
The continuously variable gearbox (CVT) is modelled as a continuously 
varying mechanical torque gain. The torque and speed are multiplied and 
divided by the CVT ratio. Furthermore, torque losses corresponding to the 
torque/speed operating point are subtracted from the torque input. Torque 
losses are defined on the basis of a three-dimensional efficiency lookup table 
that has three inputs: input shaft rotational speed, input shaft torque, and CVT 
ratio. 
In the final drive (differential), the reduction models are based on lookup table 
methods. Maps are used to evaluate the torque losses within the differential. 
The losses are based on the transmission speed and torque. 
The vehicle model calculates speed on the basis of the fed-forward upstream 
inertia of the drive-train, the mass of the vehicle, and the drag and grade losses. 
In order to compare the proposed model and validate it versus the modelled 
vehicle in PSAT, under a similar load, both model are simulated. The results 
are summarised in Table 5-3. The presented model obtained around 3% 
improvement in fuel efficiency because of the applied fuzzy controller in the 
proposed model. 
Table 5-3: Comparison of fuel consumption per Lit/100km for the two 
simulated models. 
Simulation Inputs PSAT Model Present Model 
HWFET drive cycle with road grade of 0% 5.14 4.96 
HWFET drive cycle with road grade of 2% 7.92 7.88 
HWFET drive cycle with road grade of 1% 6.42 6.33 
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As the purpose of this study is to investigate adaptive speed for a given drive 
mission, the applied fuzzy controller and the modelled parallel hybrid electric 
vehicle are described in details in the following sections in this chapter. 
5.6 Simulation and Results 
The Highway Fuel Economy Driving Schedule (HFEDS) recommended by 
SAE J1711 standard [71], and real road data, whose samples are presented in 
Table 5-4, are employed to evaluate the proposed look-ahead model. 
A moving vehicle can be shown in a 3D Cartesian or a 3D polar coordinates. 
The length, height and altitude of the road are the three elements of the 
Cartesian coordinate. The geographical information of the road is supplied in 
databases obtained from GPS, GIS, traffic information systems, and the like. 
Furthermore, they can be generated using stochastic methods of road 
simulation [134]. To present the simulation results of this study, the (x,y,z) 
coordinates of the Nowra-Bateman Bay highway in Australia over a 50 km 
distance is used in the model. 
Table 5-4: Real Cartesian coordinates for a small section of the Nowra-
Bateman Bay Highway used in the present study. 
Road location DIST D 
(km) 
EAST X 
(km) 
NORTH Y 
(km) 
ALT Z 
(km) 
R[0000001,0010,C1,0.009] 0.0085 9687.603 4421.904 0.0155 
R[0000001,0010,C1,0.019] 0.0188 9687.599 4421.895 0.0158 
R[0000001,0010,C1,0.029] 0.0291 9687.596 4421.885 0.0162 
R[0000001,0010,C1,0.039] 0.0386 9687.592 4421.876 0.0164 
R[0000001,0010,C1,0.049] 0.0488 9687.588 4421.867 0.0167 
 
 163 
Latitudinal forces affect the suspension and the steering system in a vehicle. 
Thus for simplicity, the latitudinal effects are not considered and the road is 
presented in the two-dimensional coordinates of distance and height as stated in 
Section 5.4. Accordingly, the slope is calculated based on the rate of change in 
altitudes over the distance. The real data related to the altitude and the slope of 
the road used in this study for the first one kilometre is graphically shown in 
Figure 5.17. 
 
(a) 
 
(b) 
Figure 5.17 : (a) Altitude and (b) slope of the first 1000 m of Nowra-Bateman 
Bay Highway. 
The use of real data in the model distinguishes this approach from majority of 
the methods reported in the literature which generally use the drive cycle and a 
constant grade. In our simulations, three circumstances have been considered: 
(1) look-ahead information and adaptation of the speed based on the future 
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slope in the applied drive cycle which was developed in this study, (2) fuzzy 
controller with the applied drive cycle, and (3) the default control strategy in 
PSAT [125].  The ICE operation points for the three control strategies are 
presented in Figure 5.18. The different efficiencies are presented by various 
contours on each map. These regions represent the optimal conditions 
identified by the proposed model which takes into consideration the road 
condition, the torque, the speed, the SOC, the drive cycle and other factors. As 
can be seen from the operating points of the engine on the efficiency map, for 
the first strategy, the operation points are more concentrated in the efficient 
area as compared to the second and the third methods. It means that the fuzzy 
controller with adaptive cruise control leads to a better fuel consumption than 
the other two examined controllers. This conclusion is further supported by the 
fuel consumption data under the three control strategies as shown in Table 5.5. 
The lower fuel consumption for the proposed fuzzy controller indicates that (a) 
the ICE is operating in the most efficient areas, (b) the energy from the battery 
is used more often, and (c) the regenerative braking is used more frequently to 
recharge the battery which depends on the slope of the road. 
 
(a) 
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(b) 
 
(c) 
Figure 5.18: Engine operation points on the efficiency map. (a) Look-ahead 
fuzzy controller. (b) Fuzzy controller. (c) PSAT default controller. 
Table 5-5: Fuel consumption for the three simulated controllers. 
The simulated model with the HWFET drive cycle FC (L/100km) 
PHEV with look-ahead fuzzy controller and real road data 4.83 
PHEV with fuzzy controller and real road data 4.96 
PHEV in PSAT with its default control strategy and 2% 
constant grade 
5.14 
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A comparison is carried out with respect to fuel economy, considering that the 
difference in fuel consumption is defined as follow: 
ȟ	Ψ ൌ  ி௨௘௟భିி௨௘௟మி௨௘௟భ ൈ ͳͲͲ   (5.27) 
The results in Figure 5.19 reveal that by using the proposed controller, an 
improvement on fuel consumption of 6.0% in comparison with the PSAT 
default controller has been achieved. Such a comparison has also been 
performed with the fuzzy controller without look-ahead information and a fuel 
saving of 2.6% has been achieved. 
The adaptive speed which is limited to the vmin and vmax (which in this study is 
±10 km/h) is presented on the drive cycle as shown in Figure 5.19. The 
overshoot of the speed under the adaptive control strategy during the first 50 
seconds of the cycle can be attributed to the inherent inaccuracy of the 
controller response. It implies that it is better to start the drive cycle with 
manual system and then change to the adaptive speed controller. The vmin and 
vmax can be obtained by the speed limit of a particular road. 
 
Figure 5.19: HWFET drive cycle and adaptive speed profile. 
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Considering the average speed change, it can be concluded that with a small 
difference of the time of journey, the proposed controller can improve the fuel 
consumption. However, more fuel efficiency may be obtained by taking into 
account more information about the vehicle and the road. For example, the type 
of intersections and the traffic control signs along a journey, the driver 
behaviour and so on would have impacts on fuel consumption. Also, the 
vehicle itself can affect the fuel efficiency. For instance, some vehicles are 
more efficient than others in acceleration. Therefore, the acceleration and 
deceleration command can impact the fuel economy. 
As stated earlier, in the control strategy, the optimal operation of the EM is also 
investigated in this study. The results of the simulations with the look-ahead 
fuzzy controller are shown in Figure 5.20. It can be seen from the figure that 
the concentration of the operating points are on the efficient area represented 
by the beige coloured oval in both motor and generator modes. 
 
Figure 5.20: Electric motor operation points on efficiency map with the look-
ahead fuzzy controller. 
In a HEV, the battery is an important part of the electrical system. Over 
charging and depletion not only affect the battery efficiency but also influence 
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the battery life cycle. Therefore, in the control strategy, the battery efficiency 
and its state of health are considered simultaneously. Hence, the SOC is set in 
its efficient range between 80% and 70% as shown in Figure 5.21. The result of 
simulations with the PSAT default controller shows an initial SOC of 70% and 
a final SOC of 63%. With the proposed controller, the initial SOC was 79% 
and the final SOC was 73.3%. This shows an enhancement of the storage of 
energy in the battery using the proposed fuzzy controller. 
 
Figure 5.21: Battery state of charge in the proposed model. 
5.8 Summary 
This chapter presented an approach for modelling a PHEV using real road data 
from which the dynamic position of the vehicle was obtained. The applied 
method uses a combination of calculated data (distance, altitude and slope) and 
static information from a GIS. Instantly, the calculated data is compared with 
the road geographical information (length and altitude), and the instantaneous 
position and slope of the vehicle were extracted. The new information was 
applied to determine various longitudinal tractive forces as well as the rolling 
resistance, gravitational force and aerodynamic drag. This operation occurs in a 
closed loop system. The entire information of the road was accessible via a 
 169 
GIS. Hence, the future states for a look-ahead window were extracted. 
Accordingly, a moving average calculator was implemented to estimate the 
future slopes. The difference between the future and the instant slopes was 
expressed as a fuzzy value which is applied into a fuzzy controller. The control 
output from the fuzzy inference engine is the amount of speed change with 
respect to the alteration of slope ahead. The control output was added to the 
reference speed which is the HWEFT drive cycle. The presented speed profile 
was applied into an adaptive cruise controller as the desired value. Moreover, 
the calculated demand torque was fed into the fuzzy controller. Considering the 
optimal operation of the ICE, the EM and the SOC of battery, the fuzzy 
controller commands to achieve an optimal fuel consumption. In addition, 
there exists a control output for the CVT in order to maintain the engine speed 
near its optimal region. 
The geographical data of the Nowra-Bateman Bay Highway in Australia with 
respect to the Highway Fuel Economy Driving Schedule (HFEDS) 
recommended by SAE J1711 standard was used to evaluate the model. The 
simulation results for the proposed fuzzy controller show a 6.0% improvement 
on fuel consumption in comparison with the PSAT default controller. Such a 
comparison was also made with the fuzzy controller without the look-ahead 
information for which a fuel saving of 2.6% was achieved. 
The next chapter provides an adaptive cruise controller. An optimiser is 
applied to obtain the optimal speed profile during a trajectory.  
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C H A P T E R  S I X  
6 Adaptive Cruise Control of a Parallel 
Hybrid Electric Vehicle Based on Speed 
Profile Estimation 
6.1 Outline of Chapter 
This Chapter develops an optimization module with the applied model in 
Chapter 5, a cost function is defined with respect to the consumed energy. 
Genetic algorithm (GA) is used to solve the cost function. The solution gives 
the best profile of the vehicle speed for the highway. The simulation results are 
presented and discussed. It is shown that by using the optimal profile of vehicle 
speed, the fuel consumption of the vehicle is reduced. 
6.2 Introduction 
Adaptive cruise control (ACC) provides automated speed control in new 
generation of vehicles. This chapter presents an ACC integrated with an 
optimiser. This system is applied to the modelled parallel hybrid electric 
vehicle. Based on the model, a cost function is defined with respect to the 
consumed energy. Genetic algorithm (GA) is used to solve the cost function for 
real highway data. The solution gives the best profile of vehicle speed for the 
highway. Taking into account the safety, and in order to avoid collision, an 
override control strategy is incorporated within the system. It is shown that 
using the derived optimal profile of vehicle speed reduces the fuel consumption 
of the vehicle. In order to consider the stability of the system, a linear model of 
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the vehicle and the cruise controller is obtained and a method for tuning the 
controller is proposed. 
6.3 Control of Longitudinal Motion of Vehicle 
The control of longitudinal vehicle motion has been pursued at various levels 
by researchers and car manufacturers. The systems involved in the control of 
longitudinal vehicle motion include cruise control, anti-lock brake system 
(ABS), and toehold control systems. In addition, more advanced systems such 
as radar-based collision avoidance and adaptive cruise control (ACC) systems 
can be listed. This classification is referred to as "driver support systems" in 
the literature [135]. The ACC is a speed control system used in recent models 
of some vehicles. It is an extension of the conventional cruise control system, 
and allows the host vehicle (i.e. the ACC vehicle) follow another vehicle with 
an appropriate clearance or a predefined time gap (see Figure 6.1). The time 
gap is the ratio of the distance between the ACC vehicle and the front vehicle 
to the speed of the ACC vehicle. 
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Figure 6.1: The relation of the ACC vehicle with the forward vehicle. 
The control strategy in the ACC vehicle is such that when the vehicle faces a 
slower moving vehicle or a vehicle that is changing lane, the system 
automatically controls the throttle or brake to slow down the ACC Vehicle. 
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The objective is to maintain a predetermined distance between the two 
vehicles. 
Many components of the ACC are similar to those of a conventional cruise 
control system. The conventional cruise control system adjusts the vehicle’s 
speed so that it follows the driver's commands and maintains the speed. The 
desired speed and the feedback from a speed sensor are compared, and the 
vehicle speed is adjusted by the throttle angle. The control module is integrated 
with anti-lock brake, stability and traction control, and engine and transmission 
module control systems. A number of studies have been carried out in this 
research area of which the most noticeable works are reviewed in the following 
paragraphs. 
Takae et al. [136] proposed a distance control assist system together with an 
ACC to maintain the constant distance between a host vehicle and a lead 
vehicle. This means giving a push-back force to the accelerator pedal in order 
to help the driver to release the accelerator, and push the brake. The test results 
revealed that the system can reduce the workload on the driver when following 
the forward vehicle especially in heavy traffic. 
Moon et al. [130] considered an ACC with a collision avoidance approach. 
They considered various aspects such as driver comfort, safe-driving and 
avoiding rear-end collision. Van Arem et al. [137] introduced a cooperative 
ACC. In addition to measuring the distance between the host vehicle and the 
forward vehicle, they considered that the two vehicles can exchange 
information via a wireless system. Their study focused on the impact of this 
information on traffic flow in order to enhance the driving comfort on 
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highways by helping the driver to frequently regulate the speed and match it 
with the speed of the preceding vehicle while also sustaining constant time gap. 
A cooperative ACC that communicates with traffic signals was proposed by 
Malakorn and Byungkyu [138]. They showed that the cooperative ACC in 
collaboration with intelligent traffic signals can improve the quality of driving 
from the standpoint of mobility and environmental impacts. However, using a 
large variety of data in the system increased its complexity and reduced its 
practical appeal. 
Although using the ACC is a valuable innovation in vehicle control systems, 
fuel efficiency has not been considered as a major feature in the previous 
studies. Consequently, this study proposes an intelligent method to enhance the 
fuel efficiency in hybrid electric vehicles using an integrated ACC and an 
optimiser system. 
6.3.1 Adaptive Cruise Control (ACC) with Optimiser Layout 
In addition to the interface switches in the conventional cruise control system 
which are used for cruise control settings, there are two other inputs, an input 
for setting the time gap between the ACC vehicle and the forward vehicle, and 
another one to define the best speed profile along the trip. A driver engages the 
ACC, and the destination can be defined via the written address in the on-board 
GPS. An optimiser block is added to the ACC. In the proposed approach, the 
road geographical information is loaded, and the best speed along that road is 
calculated. This speed can be applied in the form of the controller’s desired 
speed during the travel. A schematic layout of the proposed ACC with an 
optimiser is shown in Figure 6.2. 
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Figure 6.2: Physical layout of the proposed ACC with an optimiser. 
The following section presents the background of the optimisation scenario, the 
problem objective, and a model for relevant dynamics. Potential gains in fuel 
economy are then investigated. 
6.4 Optimal Problem 
In the proposed system, the genetic algorithm (GA) [139] is employed to find 
the best speeds along the journey. The GA is a powerful tool for optimisation 
problems based on the search approach. It consists of a population of 
individuals. Each individual represents a possible set of parameters for the 
algorithm. The population members (individuals) are strings or chromosomes 
which are usually represented by a binary format of the solution vectors. From 
the population of the solutions, a subset of solutions, in the form of pairs, is 
considered. Each pair is called a parent. The combination of parents produces 
new solutions that are called children or offspring. The rules of combination to 
obtain an offspring are based on the genetic concept of crossover which 
involves interchanging the particular part of the parents' chromosomes. In other 
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words, two individuals swap a fraction of their genes. In order to reduce the 
time of calculations, an operation such as random value changes of genes, 
which is called mutation, can be used together with the crossover. The children 
produced by the blend of parents, after passing the survivability test, become 
available to be selected as parents of the next generation. The parents are 
chosen based on their fitness level. The choice of next generation is based on a 
random sampling scheme which is carried out in parallel over a separate sub-
population whose best members are periodically exchanged or shared. The 
incorporation of crossover and mutation operators with the parent selection and 
fitness function enables the GA to evolve better solutions. 
For a given vehicle and a road, the speed and torque at the output of 
mechanical coupling can be calculated from the forces acting on the vehicle as 
explained in Chapters 3 and 5. 
As mentioned in Section 3.10, the longitudinal force equation describes the 
dynamic of vehicle. Ftr, the traction force in the contact area of wheels and road 
surface, forces the vehicle forward. Simplifying a power-train, considering the 
constant efficiencies at final drive (Șf), transmission, torque converter (Ș) and 
neglecting the slip in wheels (i.e. driving is such that the slip can be considered 
zero), the torque at the output of mechanical coupling can be calculated from 
the following equation: 
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And the rotational speed at the output of mechanical coupling is given by: 
 176 
߱ ൌ  ௙ೝ௥ೢ ݃௥ݒ ሺ͸Ǥʹሻ
where gr is the gear ratio, which is a function of speed, and rw is the wheel 
effective radius. 
It is assumed that the torque from the engine and motor are combined between 
transmission and crankshaft via a direct coupling. Then, the torque is: 
௧ܶ ൌ  ௘ܶ ൅ ௠ܶ ሺ͸Ǥ͵ሻ
The required propulsion power at the output of engine crankshaft is given by: 
௘ܶ ൌ ߟ௜௖௘ ௉೐ఠ  ሺ͸ǤͶሻ
where Șice is the engine efficiency, which is a function of crankshaft rotational 
speed, Ȧ and engine torque, Te. Pe is the delivered power to the engine. 
The power at the output of electric motor shaft is given by: 
௠ܶ ൌ ߟ௘ ௉೐೘ఠ  ሺ͸Ǥͷሻ
where Șe is the motor efficiency which is a function of motor shaft rotational 
speed, Ȧ and torque, Te. Șe is less than unity when the power extracted from the 
battery is in discharging mode, and greater than unity when the battery is in 
charging mode. Pem is the power of the electric motor, which is negative in 
charging and positive in discharging mode. 
As shown in Chapter 5, from the engine efficiency map, the optimal engine 
operating points occur when the torque is in the 60-120 N-m range and the 
speed is in the 250-450 rad/s range. Therefore, presenting a control strategy 
which maintains the engine operation in the efficient area can reduce the fuel 
consumption. From Equation (6.3), the prime propellers are the ICE and the 
EM. The torque from the EM is a function of its rotational speed and voltage. 
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Also, the ICE torque is a function of its rotational speed and fuelling. 
Consequently, in order to benefit from maximum efficiency of the HEV, the 
manipulation (control) parameters become fuel rate, gear shift number, motor 
voltage and brake torque object to reduce emissions and/or fuel consumption. 
These objectives can be formulated in an optimisation problem. Since the 
optimisation methods are based on the knowledge of the future speed and the 
load profile of the vehicle, their calculations are time consuming. However, in 
view of the fact that they provide the global optimality, they can be used to find 
the desired values in a real time control system. Therefore, to benefit from a 
real time system offering decreased fuel consumption, the introduced on-line 
fuzzy controller in Chapter 5 is used to maintain the operation of engine, motor 
and battery in their efficient areas. Moreover, in order to benefit from the 
kinetic energy due to the variation of speed due to road topology (here slope is 
considered) in highways, and with respect to the legal requirements, an off-line 
optimiser is applied to find the optimal speed profile. The off-line optimiser 
considers the geographical conditions of a trajectory and finds the best profile 
of speed which is used as the set points for the on-line controller. A desired 
speed profile in a level highway is a constant velocity, but in uphills and 
downhills, a vehicle decelerates and accelerates proportional to the road slope. 
Respectively, the vehicle velocity is desired to be kept inside an interval: 
ݒ௠௜௡ ൑ ݒ ൑ ݒ௠௔௫ ሺ͸Ǥ͸ሻ
where v denotes the velocity of the vehicle. The boundaries are set with respect 
to the desired behaviour of the ACC. For instance, the lower limit is set by the 
lowest obtained speed around a reference speed, and the upper limit can be set 
for safety reason or by permissible speed limits. The profile of speed for a 
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known trajectory can facilitate the highest fuel efficiency associated with 
vehicle speed between the boundary limits of Equation (6.6). Respectively, the 
variant speed is defined by a combination of speed increase, constant speed and 
speed decrease. Therefore, in order to label the genes in a chromosome, the 
chromosome symbols are defined as a combination of {-1, 0, 1} where -1, 0 
and 1 are respectively interpreted as decrease, constant and increase for the 
speed. In the initialization stage, a random string of -1, 0 and 1 is considered. 
With longer road lengths, the calculation time will increase dramatically. In 
order to reduce the calculation time, the travel route is discretized to 50 m road 
segments. Each gene of the chromosome corresponds to a road segment speed. 
For example, for the road used in this study (Nowra-Bateman Bay Highway in 
Australia of length 50 km), each chromosome has 1000 digits long code and 
represents the combination of speed up, keep constant and slow down during 
the whole road. Generally, the length of chromosome, n, can be calculated by: 
݊ ൌ ோ௢௔ௗ௟௘௡௚௧௛ሺ௠ሻௗ  ሺ͸Ǥ͹ሻ
where d is the length of road segment, here 50 m. 
In order to achieve a smooth control, a small scalar, ı, is considered as the 
factor of the obtained string of combination of {-1, 0, 1}. The GA, for each 
stage, gives a combination of velocities to be considered in the cost function. 
Figure 6.3 shows the speed calculation in each iteration of optimisation. The 
processing algorithm, for each iteration, gives a set of speeds in the interval 
[vmin vmax]. Then, the obtained speed is passed to the fitness (cost) function of 
the GA. 
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Figure 6.3: Speed calculation procedure in each iteration of optimisation. 
In discrete presentation, the traction power can be calculated by the following 
equation: 
௧ܲ௥ሺ݇ሻ ൌ ߟ௜௖௘ሺ݇ሻ ௘ܲሺ݇ሻ ൅ ߟ௘ሺ݇ሻ ௠ܲሺ݇ሻ ሺ͸Ǥͺሻ
for k=1,2, …,n 
To define the fitness function, the equivalent power consumption [33, 140] 
during the battery charging is considered. It means that when the energy is 
extracted from the battery, it is converted to the equivalent energy that can be 
supplied by the internal combustion engine. 
 180 
Thus, the equivalent fuel consumption for propelling the vehicle and charging 
the battery can be written as follows. 
ሶ݉ ሾ ௠ܶሺ݇ሻǡ ߱ሺ݇ሻሿܳ௟௛௩ ൌ ௉೐ሺ௞ሻାఎ೐ሺ௞ሻ௉೘ሺ௞ሻఎ೔೎೐ሺ௞ሻ  ሺ͸Ǥͻሻ
where ሶ  [g/s] is the fuelling rate and Qlhv [J/g] is the chemical energy of fuel. 
Therefore, the cost function (fitness function) in the GA is defined as follows: 
݉݅݊௩ ܬ ൌ σ ሶ݉ ሾ ௠ܶሺ݇ሻǡ ߱ሺ݇ሻሿܳ௟௛௩௡௞ୀଵ  ሺ͸ǤͳͲሻ
In a HEV, the speed and power of both the ICE and the EM are limited by 
mechanical constraints. Another concern that must be considered is the road 
speed limitations and legal considerations. Respectively, the constraints can be 
defined as follows: 
ݒ א ሾݒ௠௜௡ݒ௠௔௫ሿ ሺ͸Ǥͳͳሻ
߱ א ሾ߱௠௜௡߱௠௔௫ሿ ሺ͸Ǥͳʹሻ
௘ܲ א ሾ ௘ܲ௠௜௡ ௘ܲ௠௔௫ሿ ሺ͸Ǥͳ͵ሻ
௠ܲ א ሾെ ௘ܲ௠௔௫ ௘ܲ௠௔௫ሿ ሺ͸ǤͳͶሻ
where v is the reference speed of the cruise controller. In each iteration of the 
optimisation, from Equation (6.10), the total cost is calculated. 
To produce the new generation from the existing individuals via the crossover 
and mutation operations, a new combination of {-1, 0, 1} is produced. To 
create the next generation, the GA uses a comparative selection. This means 
that the population of the next creation is determined by the n autonomous 
random trials. The probability that an individual Vi is selected from the 
populations (V1, V2…, Vn) to be a member of the next generation at each trial 
the following relation should be satisfied: 
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஼௢௡௦௨௠௘ௗா௡௘௥௚௬ௗ௘௥௜௩௘ௗ௙௥௢௠௏೔஼௢௡௦௨௠௘ௗா௡௘௥௚௬ௗ௘௥௜௩௘ௗ௙௥௢௠௏ೕ ൐ ͳ ሺ͸Ǥͳͷሻ
where i and j are the iterations of ith and jth loops. Finding the lowest cost, the 
best speed profile, [Ȟ1, Ȟ2…, Ȟn], is the one that minimizes the cost function. 
The longitudinal forces push the vehicle forward or backward in the x-
direction. The vehicle’s weight, Mg, acts in the vertical direction through its 
centre of gravity. The weight pulls the vehicle to the ground and its effect in the 
movement direction, based on the value of Į(t), can be either a resistive force 
or a tractive force. When the vehicle travels, the aerodynamic drag and rolling 
force are resistive and slow down the vehicle while the acceleration force 
pushes the vehicle forward. If the speed varies in the interval [vmin vmax], the 
kinetic energy will change. In other words, with the variation of the speed, a 
mechanical buffer of energy is produced. However, energy is also lost due to 
the boost of air drag. From the standpoint of energy management, there are 
optimal points between the change of speed and the benefit from the 
mechanical buffer found by the optimiser in the model. Therefore, the first 
stage is to obtain the optimal speed. This step is performed off-line. Then, the 
obtained speed profile is applied as the set-point in the on-line system while the 
optimiser parts are switched off during driving (see Figure 6.4). As safety is the 
most important criterion, the priority of control is with the driver command and 
the signal from the detector of the distance between the host vehicle and 
vehicles ahead. Thus, a selective controller (selects the optimised speed or the 
calculated one which is based on the distance from the look-ahead vehicle) is 
utilized to allow for the more important loop to manipulate the output, speed of 
vehicle. As the driver command is the highest priority, pushing the brake pedal 
by the driver overrides the ACC. 
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In order for the essential parts of the PHEV (engine, electric motor, and 
battery) to operate in their efficient operating areas, a fuzzy controller is 
developed. As the vehicle is a complex system and its mathematical model is 
not easy to obtain, the fuzzy controller which is based on empirical data and 
expert knowledge can be effective. The strong point of this controller is that no 
description of the nonlinear and unobservable vehicle dynamics is required in 
the system. The model is outlined as a flowchart in Figure 6.4. 
 
Figure 6.4: Schematic overview of the developed PHEV model with the 
optimiser. 
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If the information of the road such as the road slopes and speed limits during 
the trajectory are known in advance, with respect to the optimal travel time 
there is an optimal profile of speed as well. The information of the road is 
available from a GPS and a GIS. In the proposed optimiser, the user can enter 
the destination address then optimiser implements the information of the road 
from the origin to the destination to find the optimal speed profile, respectively. 
In the model with the positioning of the two switches S1 and S2 in the closed 
state, a random speed profile limited in [vmin vmax] is fed to the cruise controller 
as the speed set point. Then, in the vehicle model the consumed energy 
corresponds to the created speed profile is calculated. In an iterative search, the 
optimal speed profile respect to minimum consumed energy is the output of the 
model. Thereafter, this speed profile can be implemented as the set point to the 
ACC. A radar sensor measures the distance between the ACC and forward 
vehicles. Based on this distance the relative speed will be calculated. Then, 
from the host vehicle the speed of vehicle ahead is achievable. In a low select 
function this speed will be compared with the optimal speed profile, then to 
avoid the collision the minimum speed will be chosen as the reference speed 
for the ACC. 
Using the described real road data in Chapter 5, a simulation is performed and 
the results of the calculation including road height, slope and the optimal speed 
profile are obtained (see Figure 6.5). 
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Figure 6.5: (a) Height (b) slope and (c) optimal speed profile, obtained by the  
model presented in this chapter.( Figure 6.4). 
The base speed of 20 m/s is considered for highway driving (here the average 
speed for a highways is considered 72 km/h). Then the optimisation is done 
around this speed. 
The optimal speed is limited in the interval of vmin and vmax (vmin and vmax in 
this study are 17 m/s and 23 m/s). The real speed of vehicle and the optimal 
speed are shown in Figure 6.6 (a). In order to better show the result of the ACC 
to variations of the obtained speed profile, the response and the set-point for the 
first 1000 m are shown in Figure 6.6 (b). As can be seen, the vehicle speed 
follows the set point very well. However, there is an overshoot for the speed 
response during the first 50 m where the difference between desired variable 
and process variable is too high. This means that in the start of driving it is 
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better to start with the manual system and then change to the ACC. In fact, this 
is the drawback of a PID controller which can not address a stable response in 
the presence of disturbances and variable set point especially in the nonlinear 
systems. 
To evaluate the proposed method, two different conditions have been 
considered: (i) optimal speed, and (ii) constant speed of 20 m/s. For these two 
states and for the same real road data, the fuel consumption has been calculated 
from Equation (6.10) and the results are shown in . 
 
(a) 
 
(b) 
Figure 6.6: Optimal speed (ACC set-point) and closed loop response, (a) for 50 
km (b) for the first 1 km of the Nowra-Bateman Bay Highway. 
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Table 6-1: Fuel consumption for the two driving patterns. 
Simulated model with constant speed and adaptive 
speed 
FC 
(L/100km) 
PHEV with the optimal speed and the real road data  5.4 
PHEV with constant speed 5.59 
6.6 Summary 
In this chapter, the speed is considered as a constant speed and an optimal 
speed that can vary between the maximum and the minimum limits (Vmin and 
Vmax). As the vehicles does not use the regenerative breaking as it did with the 
reference speed of the HWFET drive cycle in Section 5.6, the achieved fuel 
consumption is greater than the fuel consumption reported in Section 5.6. In 
other words, the fuel efficiency is a function of driving pattern which is 
different here with the driving pattern given in Chapter 5. However, the 
objective of this chapter was to propose an optimisation method that forecasts 
the optimal profile of speed in a known trajectory. Accordingly, a comparison 
between the optimal speed and the constant speed was carried out. By using 
Equation (6.16), the percentage of fuel economy is calculated as follows: 
߂ܨݑ݈݁Ψ ൌ ி௨௘௟భିி௨௘௟మி௨௘௟భ ൈ ͳͲͲ ሺ͸Ǥͳ͸ሻ
The listed results in  reveal that by using the optimal speed, an improvement on 
fuel consumption of 3.4 % in comparison with the constant speed is achieved. 
However, the obtained results are road dependant and will change based on the 
diverse trajectories. 
As the average of the obtained optimal speed is not far from the reference 
speed, in this trial being 20.5 m/s, the trip time is improved as well by around 
two minutes. This is not always the case because the travel time is dependent 
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on the road topology, and can thus be in contradiction with the fuel 
consumption enhancement. However, the variation of speed is limited in a 
relatively small interval; thus, the proposed optimisation is not too sensitive to 
the trip time. 
From Figure 6.6(a) and (b) can be realised that in the speed there are overshoot 
and undershot. The overshoot and undershoot intensity depends on the 
variation of the variable set point. In order to address this drawback of the 
applied cruise controller, in the next Chapter sliding mode control which is a 
novel effective methodology for the ACC will be introduced and its stability 
will be investigated.  To explore the ability of the proposed controller and to  
have a fair comparison between the PID and the sliding mode controllers, first 
an intelligent method of tuning the PID parameters will be described to 
enhance the response of the PID controller. Thereafter, the sliding mode 
control will be implemented and its stability will be investigated.
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C H A P T E R  S E V E N  
7 Adaptive Cruise Control Based on Sliding 
Mode Control 
7.1 Outline of Chapter 
This Chapter presents adaptive cruise control of the PHEV based on the sliding 
mode control approach, an alternative to the applied PID cruise controller in 
Chapter 6. To explore the ability of the proposed controller and to have a fair 
comparison between this controller and the introduced cruise controller in 
Chapter 6, first an intelligent method for tuning of the PID parameters is 
described to enhance the response of the PID controller. Thereafter, the sliding 
mode control is implemented with the cruise controller and its stability is 
investigated and proved. 
7.2 Introduction 
A robust and reliable approach to control a nonlinear and uncertain system is 
the sliding control methodology. It was first proposed by a Russian control 
scientist, Emilyanov, in 1950s [141], but it has recently been investigated by 
researchers in the area of control engineering. 
Intuitively, in a control problem, it is more straightforward to describe a system 
based on a 1st-order system, i.e. 1st-order differential equation. Accordingly, in 
the sliding control methodology, a notational simplification is introduced, 
which allows nth-order problems to be substituted by corresponding 1st-order 
problems. Then, for the altered problems perfect performances can be achieved. 
The basic scheme of sliding mode control can be outlined as follows: (a) the 
system dynamics is primary delineated on a sliding mode surface in the state 
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space, (b) a controller is then created to constrain the closed-loop system to 
reach the sliding mode surface, (c) the defined dynamics of the closed-loop 
system is then attained on the sliding mode surface. The concept of sliding 
mode control is briefly described in the following subsection. 
7.2.1 Sliding Mode Control and Second Method of Lyapunov 
Stability 
The dynamic of a controllable nth-order single input system is described as 
follows: 
ሶܺ  ൌ ߮ሺݔሻ ൅ ߚሺݔሻݑ ሺ͹Ǥͳሻ
where x is scalar and the variable of interest, for instance the position of a 
mechanical system or in our case, the speed of the vehicle, and ܺ ൌ
ሾݔݔሶ ݔሷ ݔሺ௡ିଵሻሿ T is the state vector. In Equation (7.1), the function ĳ(x) ȯ Rn×1 
is usually nonlinear and not exactly known. However, it is upper bounded by a 
known continuous function of x. ȕ(x) ȯ Rn×1 is the control gain, and similar to 
ĳ(x) is not exactly known, but is bounded by known continuous functions of x. 
For example, the inertia of a mechanical system is only known to a certain 
precision or friction in a model that describes only part of the actual friction 
forces. The finite control variable u gets the state X to track a specific time 
varying state ܺ ൌ ሾݔݔሶ ݔሷ ݔሺ௡ିଵሻሿ in the presence of model imprecision on 
ĳ(x) and ȕ(x). 
In order to achieve the tracking task by the finite control u, the initial desired 
state Xd(0) must satisfy the following condition: 
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ሺͲሻൌሺͲሻ ሺ͹Ǥʹሻ
For design of a sliding mode controller, it is required to identify a sliding 
variable s: 
ݏ ൌ ்ܿܺ ൌ ܿ଴ݔ ൅ ܿଵݔሶ ൅ ܿଶݔሷ ൅ ڮ൅ ܿ௡ିଶݔሺ௡ିଶሻ ൅ ݔሺ௡ିଵሻ ሺ͹Ǥ͵ሻ
where ܿ ൌ ሾܿ଴ܿଵܿଶ ǥܿሺ௡ିଶሻͳሿ is the vector of sliding mode parameter, and 
it should be selected such that the solution of the following differential 
equation is asymptotically stable. 
ܿܶܺ ൌ ܿͲݔ ൅ ܿͳݔሶ ൅ ܿʹݔሷ ൅ ڮ൅ ܿ݊െʹݔሺ݊െʹሻ ൅ ݔሺ݊െͳሻ ൌ Ͳ ሺ͹ǤͶሻ
According to the linear control theory, Equation (7.4) is asymptotically stable 
when their eigenvalues have the negative real parts. With the fulfilment of the 
stated circumstance, the desired dynamic of the closed-loop system will be 
satisfied with the chosen sliding variable s. Consequently, the task of the 
sliding mode control method is to design a controller, in order for the sliding 
variable s to converge to zero. In the sliding mode control, the desired system 
dynamics stated by Equation (7.4) is called "sliding mode or sliding mode 
surface", and the controller designed to conduct the sliding variable s to 
converge to zero is called "sliding mode controller" [142]. The next step is 
defining the concept of stability based on the second method of Lyapunov 
which is implemented here to carry out the stability of the cruise control 
system. Hence, the first candidate of Lyapunove function can be defined as 
follow: 
ܪ ൌ ଵଶ ݏଶ ሺ͹Ǥͷሻ
With differentiating H with respect to time, then we will obtain: 
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ܪሶ ൌ ݏݏሶ  
ൌ ݏሺ்ܿ ሶܺ ሻ
ൌ ݏሾ்ܿ߮ሺݔሻ ൅ ்ܿߚሺݔሻݑሿ ሺ͹Ǥ͸ሻ
As it expressed before, the functions ĳ(x) and ȕ(x) are not exactly known. 
However, they are upper and lower bounded by a known continuous function 
of x as they are showed below. 
ԡ߮ሺݔሻԡ ൏ ߮଴ሺݔሻ ሺ͹Ǥ͹ሻ
and 
ߙ ൏ ்ܿߚሺݔሻ ሺ͹Ǥͺሻ
where Į is a positive constant. The above bounded information of ĳ(x) and 
ȕ(x) are used to design the controller. Consequently, one possible way of 
selecting the control signal u can be as the following form: 
ݑ ൌ െߙିଵሺԡܿԡ߮଴ሺݔሻ ൅ ߜሻݏ݅݃݊ሺݏሻ ሺ͹Ǥͻሻ
 where į is a constant and į>0. The sign function sign(s) is defined as follows:
ݏ݅݃݊ሺݏሻ ൌ ቐ
ͳ݂݋ݎݏ ൐ Ͳ
Ͳ݂݋ݎݏ ൌ Ͳ
െͳ݂݋ݎݏ ൏ Ͳ
 ሺ͹ǤͳͲሻ
Substituting Equation (7.10) in (7.6) we will obtain: 
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ܪሶ ൌ ݏሾ்ܿ߮ሺݔሻ ൅்ܿߚሺݔሻݑሿ
ൌ ݏሾ்ܿ߮ሺݔሻ െ்ܿߚሺݔሻሺߙିଵሺԡܿԡ߮଴ሺݔሻ ൅ ߜሻݏ݅݃݊ሺݏሻሻሿ
ൌ ݏ்ܿ߮ሺݔሻ െȁݏȁሺ்ܿߚሺݔሻߙିଵሻԡܿԡ߮଴ሺݔሻ െ ߜȁݏȁሺ்ܿߚሺݔሻߙିଵሻ
൑ ȁݏȁԡܿԡԡ߮ሺݔሻԡ െ ȁݏȁሺ்ܿߚሺݔሻߙିଵሻԡܿԡ߮଴ሺݔሻ െ ߜȁݏȁሺ்ܿߚሺݔሻߙିଵሻ
൑ ȁݏȁԡܿԡԡ߮ሺݔሻԡ െ ȁݏȁԡܿԡ߮଴ሺݔሻ െ ߜȁݏȁ
൑ െȁݏȁԡܿԡሺ߮଴ሺݔሻ െ ԡ߮ሺݔሻԡሻ െ ߜȁݏȁ
൑ െߜȁݏȁ ൑ Ͳ ሺ͹Ǥͳͳሻ
In the obtained result that is revealed in Equation (7.11), the following criteria 
are considered: 
ݏ݅݃݊ሺݏሻݏ ൌ ȁݏȁǡ ሺ்ܿߚሺݔሻߙିଵሻ ൐ ͳǡ ܽ݊݀߮଴ሺݔሻ െ ԡ߮଴ሺݔሻԡ ൐ Ͳ ሺ͹Ǥͳʹሻ
Hence, based on the second method of Lyapunove stability, the "sliding 
variable s" will asymptotically converge to zero. By obtaining s=0, then the 
desired closed-loop system dynamics shown by Equation (7.4) is achieved. 
Accordingly, the state variable vector x will asymptotically converge to zero on 
the sliding mode surface, s=0. 
The sliding mode control has been used to control various systems including 
robot manipulator [143], automotive transmission [144, 145], under water 
vehicle [146, 147], electric motor and uninterrupted-power-supply (UPS) [148, 
149]. However, in an adaptive cruise controller especially in a HEV, it is a 
novel approach which is considered and investigated in this thesis. Before, 
modelling and discussion of the implemented sliding mode control in cruise 
control, at first the mathematical form of the simplified model of cruise control 
is devised. In order to compare the conventional cruise controller with the 
proposed sliding mode controller, the system is modelled and simulated by a 
PID controller in plant. Thereafter, the sliding mode controller in plant is 
analysed and simulated. 
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7.3 Cruise Control Model (Transfer Function and 
State-space Model) 
The cruise control in a vehicle can be considered as a common feedback 
system in the process control class. It attempts to maintain a constant speed in 
the presence of the disturbances such as wind and slope of the road. Different 
from a conventional cruise controller in which the speed set-point is a constant 
parameter, in an adaptive cruise controller the speed can be a variable factor. 
This variation of the speed is an additional burden to the cruise controller 
system from the standpoint of reliability. In practice, a cruise control system 
with a PID controller cannot be robust against the swift speed changes, and 
usually falls to instability. This is the main reason for switching to the manual 
mode in the ACC vehicle due to the rapid change in the speed. Before 
evaluating the ACC with the PID controller and the sliding mode controller, the 
structure of the model is explained here. 
 A conceptual presentation of a forward model of the cruise control is shown in 
Figure 7.1. In the forward model, the desired speed starts from accelerator or 
brake, and then the control systems of different components act such that the 
desired speed is transferred to the wheels.   
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Figure 7.1: Conceptual model of the vehicle and the cruise control. 
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It can be seen from the figure that the command for acceleration and 
deceleration is initiated from the accelerator, brake or the ACC. This command 
is interpreted as the control signal, U, in the block diagram. The control signal 
determines the required traction force Fd provided by the electric motor or /and 
the internal combustion engine in the vehicle. Subtracting the resistive forces 
such as gravitational, aerodynamic and friction from the traction force, the 
momentum force can be obtained. Accordingly, the speed can be calculated 
and sent back to the ACC as shown in the figure. 
In order to obtain the transfer function of the drive force system, the actuator 
and the force sources are considered to be a first order system and delay. In 
other words, the actuator and the vehicle propulsion system can be modelled as 
a time delay in cascade with a first order and a lag [150] as follow: 
஼భ௘షഓೞ்௦ାଵ  ሺ͹Ǥͳ͵ሻ
From [150], C1=743, T=1 s, Ĳ=0.2 s. For the modelled vehicle, the equivalent 
mass, Meq§1500 kg, g=9.8 m/s2 and the total coefficient of drag force is 0.72 
N/(m/s)2. 
In order to simplify the model and to extract a straightforward mathematical 
model, the initial conditions and fraction are considered to be equal to zero and 
the road is considered to be a level road. The velocity and traction force are 
determined as the states of the problem. Accordingly, the state equations are 
written as follow: 
 195 
ݒሶ ൌ ଵெ೐೜ ሺܨௗ െ ͲǤ͹ʹݒ
ଶሻ ሺ͹ǤͳͶሻ
ܨሶௗ ൌ ଵ் ሺܥଵݑሺݐ െ ܶሻ െ ܨௗሻ ሺ͹Ǥͳͷሻ
ݕ ൌ ݒ ሺ͹Ǥͳ͸ሻ
From the presented state equations, the only nonlinear term is speed in 
Equation (7.14). By differentiating the state equations, the new state equations 
can be presented as follows: 
 ௗௗ௧ ݒሶ ൌ
ଵ
ெ೐೜ ሺߜܨௗ െ ͳǤͶͶݒߜݒሻ ሺ͹Ǥͳ͹ሻ
ௗ
ௗ௧ ܨሶௗ ൌ
ଵ
் ሺܥଵߜݑሺݐ െ ܶሻ െ ܨௗሻ ሺ͹Ǥͳͺሻ
ݕ ൌ ߜݒ ሺ͹Ǥͳͻሻ
In these equations, įv is the output, and physically means the amount of 
perturbation around the speed operation point. Also, įFd is the amount of 
perturbation around the demand force operation point, and v is the desired 
speed value. If the linear state equations are solved for the ratio of ǻV(s)/ǻU(s) 
in the frequency domain, the transfer function can be written in the following 
format: 
௱௏ሺ௦ሻ௱௎ሺ௦ሻ ൌ
಴భ೐షഓೞ
ಾ೐೜೅
൬௦ାభǤరరೡಾ೐೜ ൰ሺ௦ା
భ
೅ሻ
 ሺ͹ǤʹͲሻ
If the time delay is expanded as the power series expansion, the time delay 
transfer function can be approximated as: 
݁ିఛ௦ ൎ ଵଵାఛ௦ ሺ͹Ǥʹͳሻ
Substituting Equation (7.21) in Equation (7.20), the vehicle transfer function 
can be obtained as the following third order system: 
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ܩ௣ሺݏሻ ൌ ௱௏ሺ௦ሻ௱௎ሺ௦ሻ ൌ
಴భ
ಾ೐೜೅
൬௦ାభǤరరೡಾ೐೜ ൰ሺ௦ା
భ
೅ሻሺ௦ା
భ
ഓሻ
 ሺ͹Ǥʹʹሻ
Then, for the modelled cruise control after substituting the values in the 
transfer function and with the desired speed of 20 m/s, the system will be 
presented as follows: 
ܩ௣ሺݏሻ ൌ ௱௏ሺ௦ሻ௱௎ሺ௦ሻ ൌ
଴Ǥସଽ଺
ሺ௦ା଴Ǥ଴ଵଽଶሻሺ௦ାଵሻሺ௦ାହሻ ሺ͹Ǥʹ͵ሻ
As described in the first paragraph of this section, the cruise control acts to 
maintain the output speed V of the vehicle at a desired speed in the presence of 
disturbances. The Proportional-Integral-Derivative (PID) controller has been 
used successfully for regulating different processes for many years, and 
nowadays for the cruise control applications is the common method. In order to 
have a fair comparison between the results from the application of the PID 
controller and the sliding mode controller, the gain values Kp, Ki and Kd need 
to be tuned to provide enough robustness during the variable set-point and 
other disturbances. There are different methods of tuning which can be 
classified into online methods and methods relying on a model of the vehicle. 
Some traditional approaches with the controller in loop use an optimisation 
algorithm such as the steepest descent or Newton’s method [151, 152] to 
minimize some costs, for example, the error between the input and the output. 
In these methods, usually the calculations are time intense; for instance, the 
gradient method requires the calculation of Hessian which is computationally 
expensive. 
To avoid the burden of the calculation for the parameter tuning and in order to 
obtain fairly optimum PID gain values, a deterministic approach of 
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optimisation [153, 154] is employed for the obtained transfer function in 
Equation (7.21). 
7.3.1 Controller Tuning Using Hybrid Particle Swarm 
Optimisation  
Particle swarm optimisation (PSO) is implemented to tune the PID parameters 
as shown in Figure 7.2. 
 
Figure 7.2: Framework of the PSO tuning. 
 
In the framework shown in Figure 7.2, H(s) is the obtained transfer function in 
Equation (7.21), V(t) is the actual speed and Kp, Ki and Kd are the PID 
controller gain values. 
The PSO has been proven to be very effective for such optimisation problems. 
It was first developed by Kennedy and Eberhart [155], then improved by 
introducing a linearly varying inertia weight ɘ to the original PSO [156, 157] 
which increased the overall performance of the PSO. The PSO commences 
with a swarm of particles. The position of the particles is defined as a potential 
solution to a problem in a D-dimensional space. Each particle has two state 
vectors, the velocity vector୧ ൌ ሺ୧ଵǡ ୧ଶǡ ǥ ୧ୈሻ, and the position vector୧ ൌ
ሺ୧ଵǡ ୧ଶǡ ǥ ୧ୈሻ. The velocity of the particle is the added value to the position 
of the particle to find its position in the next generation. These particles are 
randomly initialized and freely fly across the multi-dimensional search space. 
During the flight, the particles evaluate their positions based on an iterative 
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schedule and a fitness function. Each particle maintains a memory of its 
previous best position, ୧ ൌ ሺ୧ଵǡ୧ଶǡ ǥ ୧ୈሻ, and particles in a local 
neighbourhood share memories of their “best” positions, designated as 
୥ ൌ ሺ୥ଵǡ୥ଶǡ ǥ ୥ୈሻ, then those memories are utilized to update the velocity 
and position of every particle, as follows: 
௜ܸௗ௧ାଵ ൌ ߱ כ ݒ௜ௗ௧ ൅ ܿଵ כ ߛଵ כ ሺ݌௜ௗ௧ െ ݔ௜ௗ௧ ሻ ൅ ܿଶ כ ߛଶ כ ൫݌௚ௗ௧ െ ݔ௜ௗ௧ ൯ ሺ͹ǤʹͶሻ
ݔ௜ௗ௧ାଵ ൌ ݒ௜ௗ௧ାଵ ൅ ݔ௜ௗ௧  ሺ͹Ǥʹͷሻ
Here:  א ሾͳǡሿǡ and  is the size of the swarm. t=1, 2,…, n determines the 
iteration number. ଵ, ଶ are acceleration coefficients. ɀଵǡ ɀଶ are random 
numbers uniformly distributed in [0 1]. Velocity is restricted to a maximum 
value ୫ୟ୶ ൌ ൫୫ୟ୶ǡଵǡ ୫ୟ୶ǡଶǡ ǥ ୫ୟ୶ǡୈ൯Ǥ 
In the proposed approach, ୮ǡ୧ǡୢ are considered as particles. In other 
words, the optimisation of the PID parameters can be considered as the 
evolution of the particles in a 3-dimentional space. The possible particles are 
shown in the following matrix: 
௜ܺ ൌ
ۏێ
ێێ
ۍܭ௣
ଵ ܭ௜ଵ ܭௗଵ
ܭ௣ଶ ܭ௜ଶ ܭௗଶ
ڭ ڭ ڭ
ܭ௣௡ ܭ௜௡ ܭௗ௡ے
ۑۑ
ۑېሺ͹Ǥʹ͸ሻ
The other necessary consideration is the fitness function. An appropriate cost 
function can be chosen based on the required criteria. As in the ACC, the 
demand traces the desired speed; the minimum error and settling time are 
considered as the criteria of the fitness function: 
ܬ ൌ ݓଵሾ݁ሺݐሻሿଶ ൅ ݓଶݐ௦ ሺ͹Ǥʹ͹ሻ
where e(t) is the system error (i.e. the difference between the desired and the 
actual speed), ts is the settling time, w1 and w2 are the coefficients to smooth 
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the response. Each variable represents a tune parameter at each instance of 
simulation, and then the cost of the selected particles will be found from 
Equation (7.27). 
7.3.1.1 Chaotic Sequence 
A chaos sequence looks like an unpredictable random behaviour, but in fact it 
is generated in a deterministic nonlinear system under deterministic conditions 
[158, 159]. Chaotic variables can go through every state in a certain area 
according to their own regularity without repetition and the chaos search can 
maintain solution diversity. The chaotic sequence is usually produced by the 
following well-known logistic mapping: 
ܼ௞ାଵ ൌ ߤܼ௞ሺͳ െ ܼ௞ሻǡ ߤ א ሾͲǡͶሿǡ ܼ௞ א ሾͲǡͳሿǡ ݇ ൌ Ͳǡͳǡʹǥǥ ሺ͹Ǥʹͺሻ
where ȝ is a control parameter. The variable ୩ is considered to be in a chaotic 
situation when ȝ = 4. By making use of the characteristic of chaos of being 
sensitive to the initial value, m different variables can be obtained randomly by 
setting m different initial values between 0 and 1, here [0, 0.25, 0.5, 0.75, 1]. 
To make sure that the search is around the neighbourhoods of the optimum 
point, the process of the chaotic local search can be defined as follows: 
ܼ௞ାଵᇱ ൌ ሺͳ െ ߙሻܼכ ൅ ߙܼ௞ାଵ ሺ͹Ǥʹͻሻ
where כ is the current optimal controller parameters in Equation (7.29), 
ሺଵǡ ଶǡ ǥǥ ୩ାଵሻ, mapped to [0, 1], ୩ାଵᇱ  is the next optimal value after chaotic 
disturbance.Ƚ is the disturbance factor between (0, 1), which can be defined as 
follows: 
ߙ ൌ ͳ െ ቚ௞ିଵ௞ ቚ
௡ ሺ͹Ǥ͵Ͳሻ
where n is an integer, and  ൌ ʹ in this work [158]. 
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 7.3.1.2 Hybrid PSO with Chaos 
Similar to other evolutionary algorithms, the PSO algorithm has the drawback 
of premature convergence, especially in the final stage where similar particles 
with a loss in diversity are created which increases the possibility of being 
trapped in local optima. To cope with the problem, the Chaos Sequence is 
adopted to avoid local optima in this work. The improved PSO formulas can be 
expressed as, 
௜ܸௗ௧ାଵ ൌ ߱ כ ݒ௜ௗ௧ ൅ ܿଵ כ ߛଵ כ ሺ݌௜ௗ௧ െ ݔ௜ௗ௧ ሻ ൅ ܿଶ כ ߛଶ כ ൫݌௚ௗ௧ െ ݔ௜ௗ௧ ൯ ሺ͹Ǥ͵ʹሻ
ݔ௜ௗ௧ାଵ ൌ ݒ௜ௗ௧ାଵ ൅ ݔ௜ௗ௧  ሺ͹Ǥ͵͵ሻ
ݒ଴ௗ௧ାଵ ൌ ቊݒ௥௜௡௜௧ כ ܼ௞ାଵ
ᇱ ݂݅ȁݒ௜ௗ௧ାଵȁ ൏ ߝ
ݒ௜ௗ௧ାଵ݋ݐ݄݁ݎݓ݅ݏ݁
 ሺ͹Ǥ͵Ͷሻ
୰୧୬୧୲ is the reinitialised particle velocity, ɂ is a threshold value and ɂ ൎ Ͳ. 
Velocity is restricted to a maximum value ୫ୟ୶ ൌ ሺ୫ୟ୶ǡଵǡ ୫ୟ୶ǡଶǡ ǥ ୫ୟ୶ǡୈሻ, 
meanwhile, െ୫ୟ୶ ൏ ୧ୢ ൏ ୫ୟ୶. 
The applied hybrid PSO with the chaos algorithm can be summarized as 
follows: 
Step (1): Initialize the positions vector X and associated velocity V of Kp, Ki 
and Kd randomly, 30 particles are chosen for each parameter in the 
population.  
Step (2): Evaluate the fitness function (Equation (7.27)) for each particle. 
Compare particles' fitness evaluation with particle's best solution ୧. 
If the current value is better than ୧ , then set the ୧ value equal to the 
current value. 
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Step (3): Compare the fitness evaluation with the population's overall previous 
best୥Ǥ If the current value is better than ୥, then reset ୥, to the 
current particle's value and position. 
Step (4): Change velocities and position via using Equations (7.32), (7.33), 
(7.34). 
Step (5): Repeat Step (2)-Step (5) until a stop criterion is satisfied or a 
predefined number of iterations is completed. 
All the described steps are shown as a flowchart in Figure 7.3. 
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Figure 7.3 Proposed PSO model for the of the PID gain values. 
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The particles and the swarm in the PSO are affected by the parameters in the 
algorithm. The main parameters for the PSO to be tuned are Ȧ, c1, c2, Vmax and 
the swarm size N. Ȧ controls the momentum of the particles. A suitable 
selection can provide a balance between the global and the local exploration 
abilities. Here, the time-varying inertia weight [160] is utilised. It allows a 
large inertia weight to enhance the global exploration in the initial stages of the 
search process, and the inertia weight is reduced for local exploration in the 
last stages. The mathematical expression is given as follows: 
߱ ൌ ሺ߱ଵ െ ߱ଶሻ כ ሺ௧೘ೌೣି௧ሻ௧ ൅ ߱ଶ ሺ͹Ǥ͵ͷሻ
where ɘଵ is the initial value of the inertia weight, ɘଶ is the final values of the 
inertia weight, and ୫ୟ୶ is the maximum number of allowable iterations. 
Acceleration coefficients, c1 and c2 are also important for the exploration and 
exploitation abilities. Generally, higher values of c1 ensure larger deviation of 
the particle in the search space, while higher values of c2 signify the 
convergence to the present global best. To incorporate compromise between 
them, a fixed value ଵ ൌ ͳǤͲଶ ൌ2.0 are conventionally set. ୫ୟ୶ 
determines the maximum change one particle can take during one iteration. 
Usually ୫ୟ୶ is set equal to the range of the particle. As for the swarm size S, 
the typical range is 20 – 40, here 30 particles are used to get results. 
The PID auto-tuning is simulated through the hybrid PSO with chaos. The 
result of movement of the particles with the hybrid method converges into the 
circle as shown in Figure 7.4. The obtained optimum values for this process are 
Ki=0.08, Kp=2.14 and Kd=1.81. 
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Figure 7.4: The convergence of swarms to optimal points. 
The cruise controller with the achieved gain values and the linear transfer 
function (Equation (7.23)) is modelled and simulated in MATLAB. The output 
of the radar sensor is presented as a variant speed including the step and the 
ramp signals. This profile of speed is applied as the desired value in the model. 
Since in practice the variation of the desired speed cannot be the same as a step 
function, the speed profile is cascaded to a first order filter. 
The result of simulation is shown in Figure 7.5. The reference speed is shown 
by the red solid line and the output by the dashed line. The response function 
overshoots and undershoots based on the domain of the step change which 
varies from 3% to 50%. For the ramp variation, the output follows the input 
signal. The response shows that the system reasonably follows the input.
 
Figure 7.5: The input and the response signal of the linear model of the cruise 
controller. 
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However, the response is valid for the simplified linear model. To investigate 
the reliability and the validity of the response, the nonlinear model of the cruise 
controller, shown in Figure 7.1 is developed and simulated in 
MATLAB/SIMULINK (See  Figure 7.6).  
 
Figure 7.6: Nonlinear model of cruise controller with the PID controller in 
plant. 
The same input for the linear model is applied as the desired speed. In order to 
take into account the genuine road states such as downhills and uphills, the real 
road data is presented in the model. The (x,y,z) coordinates of the Nowra-
Bateman Bay highway [161] in Australia over a 10 km distance is considered. 
The simulation result, presented in Figure 7.7, shows higher overshoot of 225% 
and fluctuation in change points. This reveals the fact that using a PID 
controller in the adaptive cruise control system is not a powerful means to 
manage the rapid transforms of the variable desire set point. 
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Figure 7.7: The input and the response signal of the non-linear model of the 
cruise controller. 
In other words, by using the PID controller with the variable set-point, the high 
overshoot and settling time or even oscillation is unavoidable.  Alternatively, 
the sliding mode control which is explained in the next section is a powerful 
methodology to address a reliable solution for such problems. 
7.3.2 Sliding Mode Controller in Plant  
In order to design the sliding mode controller, the engine and/or the electric 
motor are considered as a first order system with the constant time of T. 
Therefore, the power demand Fd based on the control signal u can be presented 
as follows: 
ܨௗ ൌ ௎ሺ௧ሻ஼భ்ௌାଵ  ሺ͹Ǥ͵͸ሻ
If we rewrite the state equation of the system, the following relations are 
obtained: 

ە
۔
ۓݒሶ ൌ
ଵ
ெ೐೜ ܨௗ െ ݃ݏ݅݊ߙ െ ݃ܿ௥௥ܿ݋ݏߙ െ
ଵ
ଶ
௖೛஺ఘ
ெ೐೜ ݒ
ଶ
ܨௗሶ ൌ  ஼భ் ܷሺݐሻ െ
ଵ
் ܨௗݕ ൌ ݒ
 ሺ͹Ǥ͵͹ሻ
In practice, in order to be able to design a suitable sliding surface, the demand 
power Fd must be a measurable and observable variable. In reality, from the 
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engine torque meter and the stated relation in Equation (6.1), Fd can be figured 
out. Accordingly the sliding mode is defined as follows: 
ቄݏଵ ൌ ݒ െ ݒௗݏଶ ൌ ܨௗ െ ݔଶௗ ሺ͹Ǥ͵ͺሻ
where vd and x2d are the variation of the measurable parameters. By 
substituting Equation (7.37) in Equation (7.38), we get: 
ݏଵሶ ൌ ଵெ೐೜ ܨௗ െ ݃ݏ݅݊ߙ െ ݃ܿ௥௥ܿ݋ݏߙ െ
ଵ
ଶ
௖೛஺ఘ
ெ೐೜ ݒ
ଶ െ ݒሶௗ ሺ͹Ǥ͵ͻሻ
In Equation (7.39), if Fd is substituted by its equivalent s2 + x2d from Equations 
(7.38), Equation (7.39) can be rewritten as follows: 
ݏଵሶ ൌ ଵெ೐೜ ሺݏଶ ൅ ݔଶௗሻ െ ݃ݏ݅݊ߙ െ ݃ܿ௥௥ܿ݋ݏߙ െ
ଵ
ଶ
௖೛஺ఘ
ெ೐೜ ݒ
ଶ െ ݒሶௗ ሺ͹ǤͶͲሻ
In order to find an effectual solution to the system, x2d in the following format 
is a satisfactory selection: 
ݔଶௗ ൌ ܯ௘௤ሺ݃ݏ݅݊ߙ ൅ ݃ܿ௥௥ܿ݋ݏߙ ൅ ଵଶ
௖೛஺ఘ
ெ೐೜ ݒ
ଶ ൅ ݒሶௗ െ ݇ଵݏଵሻ ሺ͹ǤͶͳሻ
where k1 is a selectable constant. In order to satisfy the stability of the system, 
the constant k1 must be positive definite, i.e. k1 > 0. If the relation in Equation 
(7.40) is substituted in the Equation (7.41) then: 
ݏଵሶ ൌ ଵெ೐೜ ݏଶ െ ݇ଵݏଵ ሺ͹ǤͶʹሻ
If we assume that s2 is a differentiable parameter then from Equation (7.38):  
ݏሶଶ ൌ ܨሶௗ െ ݔሶଶௗ ሺ͹ǤͶ͵ሻ
and by considering the system presented by Equation (7.37), therefore: 
ݏሶଶ ൌ ௖భ் ݑሺݐሻ െ
ଵ
் ܨௗ െ ݔሶଶௗ ሺ͹ǤͶͶሻ
Accordingly, the selection of the optimal control parameter leads to the 
following relation: 
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ݑሺݐሻ ൌ ଵ஼భ ሺܨௗ ൅ ܶݔଶௗ െ ݇ଶݏଶሻ ሺ͹ǤͶͷሻ
where k2 is a positive definite selectable constant. By substitution Equation 
(7.45) in Equation (7.44), we conclude: 
ݏሶଶ ൌ
െ݇ଶ
ܿଵ ݏଶௗ ሺ͹ǤͶ͸ሻ
It is noticeable that the solution of the differential Equation (7.46) converges to 
zero exponentially. Taking into account the revealed result in Equation (7.46) 
and from Equation (7.42), it can be concluded that: 
ݏሶଵ ൎ െ݇ଵݏଵ ሺ͹ǤͶ͹ሻ
Also, the solution of the differential Equation (7.47) converges to zero 
exponentially, which proves the stability of the sliding motion and the 
convergence of the error to zero. 
The nonlinear model of the cruise control system with using the real data of the 
road is modelled in MATLAB/SIMULINK (see Figure 7.8). The described 
method of control is applied instead of the PID controller. In the simulation, the 
same desired speed input for the PID controller is used. The output speed and 
reference speed are presented in Figure 7.9 . 
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Figure 7.8: The nonlinear model of cruise control system with sliding mode 
control. 
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Figure 7.9: The input and the response signal of the non-linear model of the 
cruise controller based on the sliding mode control method 
As can be seen from Figure 7.9, the output response shows the 0% overshoot.  
To evaluate the proposed method of cruise control in the modelled PHEV in 
Chapter six, two different conditions have been considered: (i) the PID 
controller in plant, and (ii) sliding mode control in plant. For these two states 
and for the same real road data, the fuel consumption has been calculated from 
and the results are shown in Table 7-1. 
Table 7-1: Fuel consumption for the two controllers in plant, sliding mode and 
PID controller. 
Simulated model with constant speed and adaptive speed FC 
(L/100km) 
PHEV with the optimal speed, the real road data and sliding mode 
control in plant  5.37 
PHEV with the optimal speed, the real road data and PID 
controller in plant  5.4 
 
As the sliding mode control provides a robust control without overshoot and 
undershoots, therefore the fuzzy coordinate controller of the PHEV is able to 
better controls the operating points of the engine in its efficient area. 
Accordingly, an improvement on fuel consumption of 0.55 is achieved. 
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7.4 Summary 
This chapter presented the mathematical model of a cruise controller which is 
applicable to the conventional vehicles and HEVs. The linear model obtained 
from a nonlinear model. At first, the linear model incorporated a PID controller 
in plant. The heuristic method of hybrid swarm optimisation was employed to 
tune the PID controller gain values.  
The linear model of the cruise controller by implementing the obtained gain 
values from the hybrid swarm optimisation was simulated in 
MATLAB/SIMULINK. The desired speed in the ACC was created by ramp 
and filtered step signals. The system response showed the output speed 
reasonably followed the desired speed. 
However, with the nonlinear model, real road data and the simulated ACC 
desired speed, the PID controller demonstrated a non-stable behaviour. 
Significant overshoots, undershoots, and oscillation were observed in the 
output speed diagram. 
Alternatively, the sliding mode control which is a powerful methodology to 
address a reliable solution for such problems was applied as the controller in 
plant. The stability of the system based on the second method of Lyapunov was 
demonstrated. The desired speed was applied as the set-point to the controller. 
The output speed followed the desired speed with 0% overshoots and 
undershoot and negligible delay. 
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The obtained sliding mode control was applied with the PHEV model. As the 
sliding mode control provides a robust control without overshoot and 
undershoots, therefore the fuzzy coordinate controller of the PHEV was able to 
better controls the operating points of the engine in its efficient area. 
Accordingly, an improvement on fuel consumption of 0.55 was achieved. 
The next chapter presents the overview of this thesis, and the future directions 
of the research work. 
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C H A P T E R  E I G H T  
8 Conclusion and Future Works 
8.1 Outline of Chapter  
This Chapter presents an overview of this thesis and the future directions of 
this research. 
8.2 Research Summary 
This thesis presented a review of the state of the art in the field of control and 
energy management of HEVs. Despite the fact that the existing methods of 
control have improved the fuel efficiency, the effects of in-advance 
information from roads has been considered in a few recent works. Therefore, 
in this project, we showed how in-advance knowledge of the road slopes could 
enhance fuel economy. 
Since the variation of the road load can affect energy management strategies, in 
order to find a power-train configuration that is less sensitive to the road load, 
different configurations were modelled and a drive cycle analysis was 
presented. 
Thereafter, a PHEV using the real road data with an intelligent look-ahead 
online controller was modelled. A novel route planning method, which 
combines the information of the vehicle sensors such as accelerometer and 
speedometer, with the data from a GPS, was carried out to create a road grade 
map in order to use within the look-ahead energy management in a vehicle. 
Instantly, the calculated data compared with the road geographical information 
(length and altitude), and the instantaneous position and slope of the road were 
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extracted. The new information was applied to determine various longitudinal 
tractive forces as well as rolling resistance, gravitational force, and 
aerodynamic drag. This operation occurred in a closed loop system. Since the 
entire information of the road is accessible via a GIS, the future states for a 
look-ahead window were extracted. Accordingly, a moving average calculator 
was implemented to estimate the future slopes. The difference between the 
future and the instant slopes was expressed as a fuzzy value that was then 
applied to a fuzzy controller. Considering the optimal operation of the ICE, the 
EM and the SOC of battery, the fuzzy controller commanded to produce an 
optimal fuel consumption. 
The actual geographical data of the Nowra-Bateman Bay Highway in Australia 
with respect to the recommended Highway Fuel Economy Driving Schedule 
(HFEDS) by SAE J1711 standard was used to evaluate the model. The 
simulation results for the proposed fuzzy controller showed around 3.0% 
improvement on fuel consumption in comparison with the PSAT default 
controller. Such a comparison was also made with the fuzzy controller without 
the look-ahead information for which a fuel saving of 2.6% was achieved. 
With the modelled PHEV, an adaptive cruise controller was developed and a 
method of optimisation was applied to obtain the best speed profile during a 
particular trajectory. The speed considered as a constant speed and an optimal 
speed that can vary between the maximum and the minimum limits (Vmin and 
Vmax). The objective was to propose an optimisation method that forecasts the 
optimal profile of speed in a known trajectory. Accordingly, a comparison 
between the optimal speed and the constant speed was carried out.  
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The listed results in  reveal that by using the optimal speed, an improvement on 
the fuel consumption of 1.2% in comparison with the constant speed was 
achieved. However, the obtained results are road dependant and can change 
based on diverse trajectories. 
In order to further investigate the cruise control performance, its mathematical 
model was extracted, then, the sliding mode control approach which is a novel 
and effective methodology for the ACC was introduced. To have a fair 
comparison between the PID and the sliding mode controllers, first an 
intelligent method of tuning was described to enhance the response of the PID 
controller. Thereafter, the sliding mode controller was implemented and its 
stability was investigated and proved. 
Finally, a PID controller with the intelligent method of tuning, swarm 
optimisation, was used as the vehicle cruise controller. The entire model was 
simulated and the result of the response to a variable speed, which usually is 
the case in a look-ahead online controller, discussed and analysed. Then, the 
nonlinear model of the vehicle was applied with the sliding mode controller. 
The effect of using this controller was compared with the universal cruise 
controller. The stability of the system was studied and discussed. 
8.3 Future Works 
Using grid electricity in plug-in HEVs provides the possibility of applying 
lower cost and zero emissions energy in HEVs. As the majority of loss in 
HEVs is in the ICE, with respect to the gradeability of the series hybrid, with 
the modification of its battery and some of its control parts without alteration of 
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the ICE and the EM, it can be converted to a plug-in hybrid. Then, the vehicle 
will enjoy from a high-all electric range and its engine will be rarely under 
operation, particularly if the vehicle is used for daily commutes within ranges 
of less than 70 km. Accordingly, it combines the benefits of an electric car with 
the driving range of a conventional vehicle. A PHEV can be also converted to a 
plug-in hybrid, but in order to satisfy the essential gradeability in the electric 
only driving, its EM needs to be transformed to an appropriate size. The later 
change and other necessary modifications produce considerable costs in 
comparison with the similar series hybrid. Therefore, a combination of 
simplicity in design and control systems in SHEVs makes them a better 
configuration for grid dependence vehicles. 
Also, more fuel efficiency could be obtained by taking into account further 
information about the vehicle and the road. For example, the type of 
intersections and traffic control signs along a journey, the driver behaviour and 
so on would have important impacts on fuel consumption. Also, the vehicle 
itself can affect the fuel efficiency. For instance, some vehicles are more 
efficient than others in acceleration. Therefore, the statistical method of 
optimisation can be applied to reduce the dependence of the optimisation on 
different vehicles.  
The tuneable parameters in the sliding mode control method used in this thesis 
are defined based on trial and error. However, they could be obtained by an 
optimisation method, such as swarm optimisation. 
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Nomenclature 
Roman symbols 
A        Car frontal area 
CD       Drag coefficient 
Crr  Rolling coefficient 
fr  Final drive ratio 
Faccl     Acceleration force 
Fgrav     Gravitational force 
Froll      Difference between friction forces and rolling forces 
Ftr        Net traction force 
g          Gravity 
gr  Transmission ratio 
I  Electric motor current 
M        Vehicle mass 
m         Fuel mass 
Pch Extracted chemical power from tank  
Pm Propulsion power at the output of mechanical coupling  
Tem      Electric motor torque 
Tm       Torque at the output of mechanical coupling  
v          Vehicle speed 
V         Electric motor voltage 
vw        Wind speed 
Greek symbols 
Į Road slope 
Ș Transmission and torque converter 
Șcharge Battery efficiency in charging mode 
Șdiccharg Battery efficiency in discharging mode 
Șem Electric motor efficiency 
Șf Final drive efficiency 
Șice Internal combustion efficincy 
Ȧ Rotational speed at the output of mechanical coupling 
Ȧem Electric motor rotational speed 
